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ABSTRACT
Many new compounds of chromium(II), vanadium(II) 
and iron(II) have been prepared under anaerobic conditions, 
and their properties investigated by spectroscopic, 
magnetic and X-ray diffraction techniques, also carried 
out in the absence of air. An effective method of sealing 
air-sensitive single crystals in Lindemann capillaries, 
without the use of a nitrogen box, has been developed from 
a published apparatus.
The new compounds of chromium(II) were [H^pipzJ [crCl^(OH2 ), 
and Jn2pipz]2 [crBr6 .2H20 where H2pipz is doubly protonated 
piperazine; M2CrCl4 where M=H2pipz, NPhH^, o-CH^C^H^NHg,
NH3 (CH2 )3H3N and NEt3H; [N2He] 2 [CrC16] ; M2CrBr4 where 
M=NMe2H2 , NPhH3 , n-C3H?NH3 , . n-C5H1]LNH3 , n-CgH17NH3 , and 
n-c i2 H2 5 NH3 ; [H2pipz]2 [crBrJ; and [c (NH2 2 [crBrJ. 2MeC02H.
The dihydrates, hydrazinium hexabromochrornate(II) and 
guanidinium tetrabromochromate(II) diacetic acid, are 
magnetically normal while the anhydrous compounds are 
ferromagnetic except for the piperazinium and triethylammonium 
tetrachlorochromates(II), hydrazinium hexachlorochromate(II) , 
and the dimethylammonium and anilinium tetrabromochromates(II) 
which are antiferromagnetic. From spectral results it has 
been found that in all compounds the chromium(II) ion is 
situated in a distorted octahedral environment. Thus, 
in agreement with the magnetic results, polymeric structures 
have been assigned to all compounds except the dihydrates 
which are mononuclear. The polymeric nature of some compounds 
has been deduced by comparison of their.powder photographs 
with those of corresponding copper(II) compounds of known
structures. The crystal structure of a typical ferromagnetic 
compound [dienH^j [CrClJ is reported.
A new series of compounds of chromium(II) and iron(II) 
with hexamethylphosphoramide: CrX2 .2HMPA where X=Cl,Br,
C r (BF4 )2 .4HMPA and FeX2 .2HMPA where X=Br,I&Fe(BF4 )2 .4HMPA 
has been prepared. These compounds have also been 
investigated by spectroscopic and magnetic techniques. 
Chromium(II) compounds are high-spin octahedral while 
iron(II) compounds are tetrahedral. The structures of 
iron(II) compounds have been confirmed by Mossbauer 
spectroscopy, and the isomer shifts are among the highest 
so far reported for tetrahedral iron(II) compounds.
Vanadium(II) chemistry is little known and a series 
of new complexes of the type, M^VBr^ where M=NPhH2 ,NEtH^? 
NMe2H2 ,n-CgHiyNH3 ,C(NH2 )s has been prepared. The complexes 
[pypipzj,' jvBr^J , CsVBr^ and Cs2VCl4 have also been 
obtained. The vanadium(II) compounds, unlike many 
anhydrous tetrabromochromates(II), show antiferromagnetic 
rather than ferromagnetic behaviour. They probably have 
polymeric structures in which the vanadium(Il) ion is six 
co-ordinate.
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Chemical Abbreviations
bu biuret
benziz benzimidaz-ole
dmiz dimethylimidazole
gly glycine
HMPA Hexamethylphosphoramide
Hpy pyridinium
H^en ethylenediammonium
H^pipz piperazinium
H0dien diethylenetriammdnium
H^trien triethylenetetrammonium
his histidine
iz imidazole
Me^N tetramethylammonium
mcy S-methylcysteine
melm methylimidazole
mepy methylpyridine
met methionine
mur methylurea
NEtP^ diethylammonium
NEt_H triethylammonium3
■NMe2I^2 dime thy lammonium
Nmiz N-methylimidazole
OEP Octaethylporphyrin
Ph^PO triphenylphosphine oxide
pic picoline
py pyridine
pz pyrazole
TPP tetraphenylpbrphyrin
ur urea
Abbreviations used in Figures and Tables
Angstrom
ampere
broad
Bohr Magneton 
interplanar spacing 
extinction coefficient 
atomic susceptibility 
liquid nitrogen temperature 
Weiss constant 
angle of reflection 
medium
effective magnetic moment
frequency
optical density
room temperature
strong
spin-forbidden 
shoulder 
sharp 
very 
weak
CHAPTER ONE 
CHROMIUM(II) AND VANADIUM(II) CHEMISTRY
CHROMIUM(II) CHEMISTRY
Chromium exhibits a variety of oxidation states.
Compounds of zerovalent chromium, chromium(II),
chromium(III), chromium(IV), chromium(V) and chromium(VI)
are known. Chromium, which has the electronic configuration
(Ar)3d54s \  is located in the first row of the transition
elements. Chromium(II) has the electronic configuration 
4
(Ar)3d and is bright blue in aqueous solution. It is 
highly sensitive to aerial oxidation. The standard
electrode potential for the half-cell reaction
3+ 2 + 1Cr , . + e Cr , , is - 0.41 V , showing chromium(H)(aq) ^  (aq) ’ y
to be a very good reducing agent. This property is made use
2
of in volumetric analysis. Because of the difficulties 
encountered in the handling of chromium(II) compounds, the 
present knowledge of the chemistry of chromium(II) has 
mostly been established during the last decade.
Due to the thermodynamic instability of aqueous 
chromium(II) solutions to oxidation by hydrogen ions, it was 
considered that the preparation of chromium(II) salts could
3
not be effected by dissolution of the metal in acid. It
has been shown, however, that in acidic solutions of
4
chromium(II), oxidation is very slow. Provided that excess
chromium is reacted with an acid under anaerobic conditions,
oxidation in the resultant near neutral solution is very slow.
Different methods have been used for excluding oxygen
e.g. highly efficient glove boxes containing a nitrogen 
5 6atmosphere, ’ and glass apparatus flushed out with nitrogen, 
carbon monoxide or coal gas. Work on chromium(II) has 
also been reported in which compounds have been prepared in 
solution under a layer of petroleum ether, toluene etc.
7However, the development of nitrogen and vacuum lines 
has greatly facilitated the preparation of chromium(II) 
compounds.
Chromium(II) solutions are commonly prepared by five 
methods:
(1) The electrolytic reduction of chromium (III) 
solutions; ’
(2) By dissolving previously prepared chromium(II) 
acetate in mineral acid;^
(3) By heating an excess of spectroscopically pure
11 12chromium with dilute acid (A.R.); J
(4) By the reduction of chromium(III) salts with 
zinc and mineral acid;^
(5) By reducing chromium(III) salts with hydrogen
14at a highly controlled temperature.
Procedures (1) and (2) involve more manipulation of
t
air-sensitive solutions than does procedure (3). The 
disadvantage of procedure (4) is the contamination of the 
chromium(II) solution with zinc ions. Procedure (3) has 
been used in this work, as it provides the easiest route 
to pure chromium(II) compounds. Anhydrous chromium(II) 
chloride and acetate are poorly soluble or insoluble in 
organic solvents and so they are not always suitable as 
starting materials for the preparation of new compounds.
In addition they are not easily obtainable. On the other 
hand employment of the hydrated halides in syntheses can, 
in some cases, lead to hydrolysis, oxidation, or failure to 
comple'X with weak donor ligands. ^
The reducing power of the chromium(II) salts has found
extensive application in synthetic organic chemistry.
Chromium(II) chloride, sulphate and perchlorate have been 
classified as powerful reducing agents, whereas chromium(II) 
acetate, a relatively insoluble salt, is a milder reducing 
agent under near neutral conditions.
From ligand field theory it would be expected that
high spin chromium(II) complexes would be similar to those
. - /t t \ 17 ,5 - ,10of copper (II). d - le = d - le
d° + 4e = d^ + 4e; Cr^+ = Cu^+
18-22This has now been shown to be true in most cases. ~ * Over
the past few years, more has been found out about the chemistry 
of chromium(II), but the knowledge is nowhere near so extensive 
as that of copper(II). Crystallographic studies are made 
particularly difficult by the high air sensitivity of chromium(II) 
compounds and consequently very few crystal structure 
determinations have been carried out.
From the position of chromium in the Periodic Table 
it would be expected to show predominantly class A 
behaviour in its normal oxidation states. It should therefore 
tend to form more stable compounds with oxygen and 
nitrogen donor ligands than with phosphorus or sulphur 
donor ligands, and with fluoride rather than chloride or 
bromide.
A comprehensive survey of nearly all the chromium(II)
23compounds in the literature up to 1976 has been given.
Other chromium(II) compounds reported up to 1978, excluding 
complex halides which are referred to in Chapter 2, are 
given in Table 1.
TABLE 1
Compound /ce^(B.M.) at R.T. References
Chromium(II) ammines
CrCl2 (NH3 )2 4.57
Cr(NH3 )5 Cl2 4.77
Cr(NH3 )6 Cl2 4.85
CrBr2 (NH3 )2 4.33
Cr(NH3 )5 Br2 - 4.76 24
Cr(NH3 )6 Br2 4.87
Cr(NH3 )5 I2 4.87
Cr(NH3 )2 (S04 ) 4.69
Cr(NH3 )4 (SO4 ).H20 4.89
Chromium(III complexes with saturated macrocyclic ligands
Cr (Me6 [l4janeN4 )Cl2 4.82
Cr (Me6 [14] aneN4 )Br2 4.77
Cr (Me6 [14] aneN4 )I2 4.82 25
Cr (Me2 [14] aneN4 )Cl2 4.87
Cr (Me2 [l4] aneN4Br2 4.90
Chromium(II) complexes with imidazole and some Amino-acid anions
Cr(iz)4Cl2 4.87
Cr(iz)4Br2 4.84
C r (iz)4I2 4. 87
Cr(iz)4S04 4.77
Cr(gly)2H20 4.61 26
Cr(met)2 4.76
Cr (mcys )2 4.67
Cr (his )C1 .H20 3.70
J L O
TABUB 1 (contd)
Compound A e f f (B *M *) R«T,
Tetra-acetodichromium complexes
Cr2 (02CCH3 )4
Cr2 (°2CCH3 )4 (^2°)2
with methylpyridines 
Cr(3-mepy)2Cl2 
Cr(3-mepy)2Br2 
Cr(3-mepy)2 (H20)I2 
Cr(3-mepy) 4C12 
Cr(3-mepy)4Br2 
Cr(3-mepy)4 I2 
Cr (4-mepy )2C12 
Cr (4-mepy)2Br2 
Cr(4-mepy)2 (H20)2I2 
Cr (4-mepy)4C12 
C r (4-mepy)4Br2 
Cr(4-mepy)4I2
References
4.79 
4.90 
4.86
4.79 
4.93 
4. 90 
4.88 
4. 87 
4.62 
4.76 
4.70 
4.60
27
28
with urea, methylurea and biuret
Cr (ur )2C12
Cr(ur)4Cl2
Cr(ur)4Br2
Cr(mur)4Cl2
Cr(mur)4Br2
Cr(bm.)2Cl2
4.39
4.78
4.85
4.79 
4.87
4.85
29
JL /
Table 1 (contd)
Compound /^eff (B *M*) a"t R«T. References
with poly(1-pyrazolyl)borate 
Cr(H2B(pz)2 )2 4.80
Cr (HB (pz)3 )2 4.75 30
Cr(B(pz)4 )2 4.90
with porphyrin 
CrTPP.2 (toluene)
Cr(OEP)
Cr(TPP)(py)2 .toluene 
Cr(TPP)(3-pic)2 .toluene 
Cr(TPP)(4pic)2 .toluene 
Cr(TPP)(l-Melm)^.toluene
Miscellaneous
Cr(C5H?02 )2 - 32
Cr2 (CH2SiMe3 )4 (PMe3 )2 - 33
C 8H 12°8CrMo ' 34
[Cr2 (02CH)4 (H20)2 ]3 (H20)10 - 35
4 . 90 
4.80 
2.93
2.90
2.90
2.90
VANADIUM(II) CHEMISTRY
36,37
Vanadium forms a variety of complexes ' in oxidation
states ranging from 5((ArJd°) to -l((ArJ)d^) although 
little is known of the chemistry of vanadium(II) complexes 
due to the powerful reducing nature and high sensitivity to 
aerial oxidation of the vanadium(II) ion.
3+ 2+The standard potential for the aqueous V /V system 
o 38is -0.255V at 25 C . Salts of copper, silver, tin, gold,
platinum and mercury were found long ago to be reduced to the
40
metal by vanadium(II) ions.-^ Certain volumetric analyses
36
and kinetic studies utilize the powerful reducing ability 
of divalent vanadium.
41Reduction of vanadium(V) oxide or vanadyl(IV)
42
solutions in oxygen-free electrolytic cells at a mercury
42 41
cathode with a platinum or carbon anode is the best method
of obtaining vanadium(II) solutions. Electrolysis of
43methanolic vanadium(III) solutions is also used Alternatively, 
vanadyl(IV) solutions are often reduced by sodium amalgam, zinc
or zinc amalgam/acid mixtures. Similarities between vanadium(II)
“j 3 1 8
[_ArJ d and nickel (II) [ArJ d chemistry are predicted by the
c r y s t a l .field theory, since dn and d^+n are inter-related on
account of the spherically symmetrical half-filled d5
configuration:
d° + 3e = d5 + 3e
2+  - .2+V = Ni
However, few comparisons of vanadium(II) and nickel(II) systems 
have been made.
44
O ’Donoghue has tabulated the vanadium(II) complexes 
isolated up to 1977. Compounds reported later are given in 
Table 2.
45
TABLE 2
Compound ^  R.T. References
with macrocyclic ligands 
V(Me6 fl4]aneN4 )Cl2 3.71
V(Me^ |l43aneN4 )Br2 3.86
V(Me6 [l4laneN4 )I2 3.74
V(Me2 [l4janeN4 )Cl2 3.73
with substituted imidazoles 
[vfMniz)^ Cl2 .2C4H9OH 3.81
[V (Nmiz ) ^  Br2 . 2C4HgOH 3.81
[v(Nmiz)^]l2 3.86
[v(Nmiz)6] (BPh4 )2 3.85
[v(Nmiz)4 (NCS)2] 3.84
(V (Nmiz) C l J  3.86
[v (Niiiz) Br3 Br 3‘.73
[v(dmiz) Cl2] 3.87
jV(dmiz) Br,J 3.90
(V(dmiz)4 (NCS) 3.81
[V(benziz)2Cl2j .§ C ^ O H  2.41
[V (benziz)4Br2] 3.75
46
CHAPTER TWO 
CHROMIUM(II) COMPLEX CHLORIDES 
AND 
BROMIDES
Introduction
Many compounds of first row transition metals
containing tetrahalo-anions of the type have
47been reported for M=Fe, Co, Ni and Cu. These complex
halides have found extensive applications in the more
theoretical areas of inorganic chemistry because the ions
are usually of high symmetry and low molecular complexity.
Simple halides MX^ are important to the preparative chemist
since they are convenient starting materials for the
synthesis of many new co-ordination compounds. Little is
known of chromium(II) compounds in this field.
. 48Barbien and Tettamanzi reported the preparation 
of a chromium(II) compound containing hexamine 
which they formulated as CrCl2 • 2HC1 . The
compound was prepared from a 1:1 solution of concentrated 
hydrochloric acid and water. Analogous cobalt(II), 
manganese(II) and nickel(II) compounds were prepared in the 
same way. A possible structure for these compounds would be
[cAHn/IN/1l 2+6 14 4-1
since KG1 is unlikely to exist as such in the presence of a
49strong base such as hexamine. However, Trigg was unable t
prepare the chromium(II) compound possibly because hexamine
50reacts with hydrochloric acid m  the following way:
Cl
M
ClCl
H,
+ 4Ho0 + 4HC1 -- * 4CH NH-.HC1 + 2C0oD ±2 4 2 3 2 2
His investigations, however, led to the preparation of
r\ r\
other salts of the anions (CrCl^ (H^O) ]^ and (CrCl^l ” •
Compounds of the type MCrCl^ and M^CrCl^, where
49 51-54M=K, Rb or C s , have been reported. 5 These were
prepared from reactions in which correct- proportions of 
alkali metal chloride and chromium(II) chloride were fused 
together, and by thermal dehydration of the dihydrates.
The structures of Cs2CrCl4 and Rb^CrCl^ have been reported 
to be isotypic with K^NiF^. It was found that regardless 
of the relative proportions of sodium chloride and 
chromium(II) used, sodium pentachlorochromate(II) was formed 
rather than tri- or tetra-chlorochromates(II) in the fusion.
This curious effect was attributed to the small ionic radius 
of the sodium ion.
Hardt and Streit"^ prepared, compounds of the type 
MCrCl3 (where M = Cs , Rb, NH4 , Me^N or Hpy ) , M^CrC^ (where 
M = Cs, Rb or NH4 ), (Me4N) CrBr3 , CsCrBr3 and (Hpy ) CrBr5 . 2C'H3C021 
by reacting stoicheiometric quantities of an alkali metal acetate 
or an organic nitrogen base with a solution of anhydrous 
chromium(II) acetate in a mixture of acetyl halide and anhydrous 
acetic acid. The unit cells of the trichlorochromates(II) and 
tetrachlorochromates(II) have been reported to be hexagonal and 
tetragonal respectively.
56Fackler and Holah in an attempt to isolate salts of 
tetrahedral chromium(II) anions (crS^l2 added tetra-alkylammonium 
halides in excess to solutions of chromium(II) halides in 
acetonitrile but always obtained the starting materials. They
reported a single strong band at about 10 000cm  ^ (£ =
3 -1 -1225 dm mol cm ) in the spectra of solutions of CrBr02CH0C N2 3
containing an excess of the tetramethylammonium halide, and
concluded that distorted tetrahedral anions were present
although no salts could be isolated.
57Gruen and McBeth studied the spectra of 3d metal
ions in chloride melts and considered that a broad band at
-1 3 - 1 - 19 800cm (e = 45 dm mol cm ) in the spectrum of a solution
of CrCl^ in a KCl-LiCl eutectic was evidence for the presence
of tetrahedral [CrCl4] 2- ions and assigned the band to the
“*T2 — absorption in symmetry.
58Scaife prepared complexes of chromium(II) of the type 
CrX^.2 Ph3 P0 , and suggested that these had flattened tetrahedral 
co-ordination of the chromium(II) ion.
Larkworthy, Trigg and Yavari5^ " ^  prepared the following 
compounds:
1. [NH4]2 (CrCl4 (0H2 )2]
T/K
295
■ 90
Aeff<]
4.80
4.70
2. [Hpy]2 g:rCl4 (OH2 )2] 29590
4.67
4.64
3. Rb2 [CrCl4 (OH2 )2l
(light blue)
295
90
4.63
4.63
4. Rb2 CcrCl4 (OH2 )23 295
90
295
90
4.84
4.84
4.61
4.255.
(green)
Cs(crCl3 (0H2 )2]
6. [NMe2H2]2 CcrCl4] 29590
4.39
3.69
7. CHpy]2 [CrCl^ 295
90
4.28
3.55
8. [NMG2H2] |crCl3] 295
90
3.80
2.46
9. [Hpy] [crCl^ 295
90
4.44
3.05
10. Cs jcrCl3] 295
90
3.30
1.95
11. fMe4N](CrCl3] 295
90
3.81
2.46
|NH4] 2 jcrcij
T/K (B.M. )
12. 295 5.70
90 9.93
13. K2 & r C l  ] 295 5.32
90 8.90
14. Rb f C r C l ] 295 5.85
90 11.50
15. Cs J c r C l l 295 5.79
90 11.60
16. [NEtH3] 2 [Crd4l 295 6.08
90 10.12
17. [H en] [crCl ] 295 5.11
90 8.10
18. [k^dien] [CrClJ 295 5.36
90 8.29
19. [H irien] (crCl J 295 5 .33
90 7.35
The hydrated complex chlorides were prepared under
nitrogen from aqueous or ethanolic solutions, or from 
concentrated hydrochloric acid containing stoicheiometric 
quantities of chromium(II) chloride tetrahydrate and the 
appropriate chloride. The anhydrous compounds were 
prepared by
(i) dehydration of the corresponding hydrated compounds 
at 120°C in vacuo,
(ii) crystallisation from a solution of the constituents 
in a mixture of hot glacial acetic acid and acetyl chloride,
(iii) crystallisation from a solution of the constituents 
in ethanol by the addition of 2,2-dimethoxypropane,
(iv) passing hydrogen chloride through a solution of 
constituents in concentrated hydrochloric acid for ca. 1 min. 
Widely-different magnetic behaviour was observed with these 
complex chlorides. The hydrated compounds, except Cs(j3rC 13 (°h2 )2] 
had effective magnetic moments close to the spin-only value of 
4.90 B.M. at all temperatures studie4 and were magnetically dilute
high spin chromium (II) compounds. The compound CsfCrCl^ (OH^)^] 
and compounds from 6 to 11 had magnetic moments
well below the spin-only value at room temperature which decreased 
further with decreasing temperature. This behaviour was 
ascribed to antiferromagnetic interactions in chloride-bridged 
structures. All the other anhydrous compounds had magnetic 
moments which were much greater than the spin-only value at 
room temperature, and increased still further as the temperature 
decreased due to ferromagnetic interactions in chloride-bridged 
structures. The magnetic behaviour of the complexes over the 
temperature range 85-300K was well reproduced by substitution 
of the values of J (the nearest-neighbour exchange integral)
and g (splitting factor) in the high-temperature series
, 62 expansion formula
Ngp2/^ = (kT/2) + J(-4+9x-9.072x2+55.728x3-160.704x4+116.64x5 ) 
where x = J/kT
for a sheet ferromagnet (Table 3). When g values close to
(and generally a little below) the value of 2.00 expected
for high-spin chromium(II) complexes were chosen the fits
were satisfactory. The reflectance spectra indicated that in
all the complexes the anions were polymerized because the
reflectance spectra were typical of six co-ordinate chromium(II).
Two intense and sharp bands were found at ca.15 800 and 18 700 cm”'1
in the spectra of the ferromagnetic complexes. The unusual
intensity of these spin-forbidden bands is believed to be due to
magnetic coupling. Several compounds were shown to be isomorphous
with their copper(II) analogues.
63 64Larkworthy and Yavari ’ prepared the following
bromochromates(II): . ■
TABLE 3
Exchange integrals (J) of chlorochromates(II) and bromochromates(I
•Complex J/cnT ^ g Ref:
(a) ferromagnetic 
[NMeH^ICrClJ 7.51 1.94 61
9 2.00 65
[NEtH3] 2 [CrCl4] 9.24 2.01 61
7 1.95 65
|H2en] (CrClJ 4.92 1.94 61
Qi^dien] jcrCl,T] 6.16 1.94 61
[H4trien] jCrCl^ 5.41 1.94 61
K2^CzCl^ 7
— 65
4.75 to 5.25 2.00 75
4.83 2.00 75
Rb2 [CrClJ 10.7 - 65
Cs [CrCl-] 6.5 _ 65
5.25 to 6.0 2.00 75
(b) Antiferromagnetic
[NMe2H2] 2 £?rC14l -5.80 2.00 61
[NMe2H^^rCl^] -11.10 1.90 61
Bromochromates(II) 
CNMeH3l 2 [CrBr4l 11.60 1.98 64
|jEtH3l 2 ICrBrJ 10.00 1. 91 64
A eff(B.M.)
295K 90K
Rb2 [CrBr4 (0H2 )2] 4.88 4.90
Cs2 )CrBr4 (OH2 )23 4.85 4.91
[NH4] 2 [CrBr4 (OH2 )2] 4.85 4.87
[Hpy]2 (CrBr4 ( O ^ ) ^ 4.75 4.83
Rb2 [CrBrJ 4.19 3.46
[NH4] 2 [CrBr4] 4. 17 3.36
CHpyJ2 & rBr4^ 4.35 3.70
[NEtiJ2 & rBr43 4.58 3.72
Cs2 [CrBr^ 4.98 7.31
[NMeH3l 2 CCrBr4l 6.27 16.30.
(NEtH^J 2 £CrBr^] 5.94 13.10
The hydrated complex bromides were prepared from 
stoicheiometric mixtures of chromium(II) bromide hexahydrate 
and the appropriate bromide in concentrated hydrobromic 
acid. (Hpy] ^  [crBr^ (OH^ )^ \ was crystallised from mixtures of 
the reactants in ethanol. The anhydrous compounds were 
obtained either by dehydration in vacuo at ca,140° of the 
previously unknown dihydrates, or by crystallisation from hot 
glacial acetic acid containing stoicheiometric concentrations 
of the reactants. The magnetic behaviour of the bromide 
dihydrates showed that they were magnetically normal, high-spin 
chromium(II) compounds, and had magnetic moments close to the 
spin-only value of 4.90 B.M. at all temperatures studied.
The anhydrous compounds, unlike the corresponding chlorides, 
were antiferromagnetic except for Cs^ 0:rBr43 , (NMeH3] 2 (crBrJ , 
and (NEtH3] 2 [CrBrJ These had effective magnetic moments 
well above the spin-only value of 4.90 B.M., which increased 
as the temperature was lowered due to ferromagnetic interactions. 
The reflectance spectra were typical of tetragonally distorted
chromium(II) and exhibited two narrow spin-forbidden bands 
near 18 500 and 15 500 which were unusually intense due to 
magnetic coupling. X-ray powder diffraction data showed that 
[nhJs [pr B r 4 (0H2 )23 and [NEtH^^ [CrBr^ *] were isomorphous
with the corresponding copper(II) compounds.
6 5Bellitto and Day prepared a series of tetrachloro- 
chromates (II) , i.e. ^NH^] ^  [CrCl^-] , where A=Me, Et,CgH^ 5 and 
by slow addition of stoicheiometric quantities of 
Cr1 1 solution in dry ethanol, prepared by passing dry HC1 
gas through a suspension of finely divided Cr metal, to the 
appropriate chloride in dry ethanol solution. They studied 
the ferromagnetic behaviour of these compounds down to 4.2°K 
and obtained the curves of magnetisation with temperature which 
showed appreciable rounding in the vicinity of Tc , reflecting 
the field-induced ordering above the spontaneous-ordering 
temperature characteristic of low-dimensional magnets, and Tc 
was estimated to be 58+2K and 55+2K for the methyl- and 
ethylammonium salts respectively. Two unusually sharp well 
resolved bands were observed, as also reported by Larkworthy, 
Trigg and Yavari, almost at the same frequency as the bands 
in the alkali-metal analogues. The bands lost their intensity 
at 20K, which was well below the Curie temperature. X-ray 
powder photographs showed the compounds to be isomorphous 
with the corresponding manganese(II) and iron(II) compounds.
Much work has been carried out on copper(II) complexes 
of the type ACuCl 2HL0 and A0Cu Cl 2Ho0, obtained from 
aqueous or aqueous organic solution, and the corresponding 
anhydrous compounds, (A represents different alkali metal 
and alkylammonium ions). The diaquatetetrachlorocuprates(II) 
and diaquatetrabromocuprates(II) are usually isomorphous 
and tetragonal, containing trans-|CuX^(H^O)J anions.
6 6Hendricks and Dickinson reported that ammonium diaquatetra- 
bromocuprate(II) was isomorphous with the chloro-compound.
The two compounds were tetragonal and the copper atom was 
surrounded by a distorted octahedron of four halide ions and 
two water molecules.
The structures of the tetrahalocuprates(II) fall into 
two classes (a) those containing tetrahedral anions, and 
(b) those containing square planar anions.
Several compounds of the type [Me 4 N ]2 [CuXj , [Et4 Nj2 [CuX4] ,
t r 67 71and (Me2 NH2j ^  [CuCl^ have been shown ~ to contain distorted
tetrahedral anions whilst in (ptfNHg)^] [CuCl J  , [MeNH^ / C u c g
and (EtNH^l 2 jcuCl^ the anions are planar and bonded together
by longer Cu-Cl bonds to form infinite two-dimensional sheets.
Compounds of the type [dienH^] jCuCl^J contain square planar
r 2- 73 74
LCuCI^J units with one free chloride ions. 9
AIM OF WORK
The aim of this work has been to extend the knowledge 
of chromium(II) chemistry, especially of compounds exhibiting 
ferromagnetism. It was also hoped that single crystals 
suitable for X-ray diffraction investigations could be 
obtained in order to help explain more clearly how the 
ferromagnetism arises. To account for this, the compounds 
must have polymeric structures, and since the nature of the 
bridging ion is likely to affect the magnitude and the 
sign.of the magnetic interactions it was hoped that an 
investigation of complex bromides as well as chlorides would 
lead to the preparation of new complexes of unusual magnetic 
behaviour and structure.
Expe r ime nt a1:
All preparations and measurements were carried out 
under nitrogen using the apparatus described in Chapter 5 .
The compounds were dried under vacuum or continuous 
pumping.
(1) Plperazinium Tetrachlorodiaquochromate(II)
Chromium(II) chloride tetrahydrate (6.75g.) was
3
dissolved in 12M hydrochloric acid (110cm ) by heating.
To this was added a solution of piperazinium chloride (9.64g*)
3in 12M hydrochloric acid (120cm ). The mixture was cooled 
in ice while shaking and then allowed to stand for a few 
minutes; light blue crystals separated from a light green 
solution. The crystals were filtered off on a sintered 
filter, washed with concentrated hydrochloric acid and then 
acetone, and dried for four hours under vacuum. The dry 
compound, which looks light blue, turned green in five 
minutes on exposure to air.
Calculated for C4 H 1 8 N2 02Cl4C r : Cr, 16.35; Cl, 44.59;
C, 15.09; H, 5.03; N, 8.80%.
Found: Cr, 16.15; Cl, 44.72;
C, 15.07; H, 5.08; N, 8.87%.
(2) Piperazinium Tetrachlorochrornate(II)
The hydrated compound was prepared as above, filtered 
off on a sinter, washed with hydrochloric acid (12M) and 
then acetone, and dried for seven hours at 1 2 0 °c under 
vacuum. A light grey compound was obtained. The dry
compound turned green in less then ten minutes on exposure 
to air.
Calculated for C^H^I^Cl^Cr: Cr, 18.44; Cl, 50.29;
O, 17.02; H, 4.25; N, 9.93%.
Found: Cr, 18.43; Cl, 50.60;
C, 16.52; H, 4.34; N, 10.13%.
(3) Anilinium Tetrachlorochromate(II)
Chromium(II) chloride tetrahydrate (4.78g.) was
3dissolved in 12M hydrochloric acid (30cm ) by heating.
To. this was added a solution of anilinium chloride (5.16g.)
3
in 12M hydrochloric acid (25cm.). The mixture was shaken 
whilst being cooled in ice and then allowed to stand for a 
few minutes; light blue crystals separated from a light 
green solution. The crystals were filtered off on a 
sintered filter, washed with concentrated hydrochloric 
acid, then with acetone, and dried for four hours at room 
temperature, and at 1 2 0 °C for a further six hours under 
vacuum. The dry compound, which looks grey, turned green 
in fifteen minutes on exposure to air.
Calculated for [ NC6 Hg ] 2 [ c r d j  : Cr,13.61; Cl, 37.11;
C, 37.68; H, 4.18; N, 7.32%.
Found: Cr,13.72; Cl, 37.49;
C, 37.15; H, 4.03; N, 7.18%.
(4) £ 3  Methylanilinium Tetrachlorochromate(II)
Chromium(II) chloride «:(4.51g . ) was dissolved in
3
glacial acetic acid (2 0 0 cm ) by heating to give a light
green solution which was transferred to the recrystallisation 
apparatus (Figure 54) . The chromium(II) chloride solution 
was heated carefully with a Bunsen burner until a small 
amount of vapour condensed on the sinter and dissolved a 
small amount of o- methylanilinium chloride (6.60g.).
The burner was removed briefly so that the solution cooled 
and the o- methylanilinium chloride solution sucked back 
into the chromium(II) chloride solution. The procedure was 
repeated until no o- methylanilinium chloride remained on 
the sinter. White crystals were obtained on cooling; these 
were filtered off, washed with glacial acetic acid, and 
dried for ten hours in vacuo. The dry compound turned 
green in five minutes in air.
Calculated for [o-CH3C 6 H4 NH3] 2 [crCl ] : Cr, 12.68;
Cl, 34.60; C, 40.96; H, 4.87; N, 6.82%.
Found: Cr, 12.71;
Cl, 34.23; C, 41.32; H, 5.23; N, 5.99%.
(5) 1,3- Propanediammonium Tetrachlorochromate(II)
Chromium(II) chloride tetrahydrate (5.35g.) was
3dissolved m  12M hydrochloric acid (100cm ) by heating.
To this was added a solution of 1,3- Propanediammonium
3chloride (4.03g.) in 12M hydrochloric acid (30cm ). The 
mixture was cooled in ice while shaking and then allowed to 
stand for a few minutes; yellow-green crystals separated 
from a light green solution. The crystals were filtered 
off on a sintered filter, washed with concentrated hydrochlor 
acid and then acetone, and then dried for four hours under
vacuum. The dry compound, which looks yellowish green, 
turned green in five minutes in air.
Calculated for [CrClJ : Cr, 19.27; Cl, 52.55;
C, 13.34; H, 4.44; N, 10.37%.
Found: Cr, 19.42; Cl, 52.46;
C, 13.22; H, 4.68; N, 10.30%.
(6) Triethylammonium Tetrachlorochromate(II)
Chromium(II) chloride tetrahydrate (6.75g.),
3
dissolved in ethanol (30cm ), was added to a solution of
3triethylammonium chloride (9.52g.) in ethanol (50cm ).
The blue solution obtained was concentrated under vacuum
3 3until 25 cm remained. 2,2-Dimethoxypropane (50cm ) was
added with shaking. Off-white crystals separated immediately
from a light green solution. The.crystals were filtered off,
washed with efianol containing a small amount of
2,2-dimethoxypropane and dried in vacuo for six hours. The
dry off-white compound turned green in ten minutes in air.
Calculated for 2 [C r C 1 4 l : C r ’ 13*07’ ^  ’ 35.64;
C, 36.19; H, 8.04; N, 7.03%.
Found:Cr, 13.12; Cl, 35.91;
C, 35.86; H,8.25; N,7.28%.
(7) Bis(hydrazinium) Hexachlorochrornate(II)
Chromium(II) chloride (4.87g.) was heated with glacial 
3acetic acid (2 0 0 cm ) until it dissolved to give a light
green solution which was then transferred to the
recrystallisation apparatusv The chromium(II) chloride
35
solution was heated and cooled as described in (4) until 
all the hydrazinium dichloride (4.09g.) which had been 
placed on the sinter had been dissolved. The light green 
crystals obtained on cooling were filtered off on a sintered 
filter, washed with glacial acetic acid, and dried for ten 
hours under vacuum. The green compound turned deep green 
in fifteen minutes in air.
Calculated for [^H^JCrClJ : Cr, 15.63; Cl, 63.92;
H, 3.60; N, 16.81%.
Found: Cr, 16.04; Cl, 64.40;
H, 2.99; N, 16.45%.
(8 ) Bis(piperazinium) Hexabromodiaquochrornate(II)
Chromium(II) bromide hexahydrate (7.12g.) was
3dissolved m  concentrated hydrobromic acid (25cm ) by 
heating. To this was added a solution of piperazinium 
bromide (9.98g.) in concentrated hydrobromic acid (30cm ). 
The mixture was shaken whilst being cooled in ice, and then 
allowed to stand for five minutes, light blue crystals 
separated from a light green solution. The crystals were 
filtered off on a sintered filter', washed with concentrated 
hydrobromic acid and then with acetone, and dried for four 
hours under vacuum. The light blue compound turned green in 
ten minutes in air.
Calculated for CgH^N^O^Br^Cr: Cr, 6.95; Br, 64.14;
C, 12.84; H, 4.28; N, 7.49%.
Found: Cr, 7.01; Br, 64.47;
C, 12.77, H ,3.46; N, 7.43%.'
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(9) Bis(piperazinium) Hexabromochromate(II)
The hydrated compound was prepared as above, 
filtered off on a sinter, washed with concentrated 
hydrobromic acid and acetone, and dried at 1 2 0 °C for 
seven hours under vacuum. A light green compound was 
obtained. The light green compound turned light blue 
in five minutes and finally deep green in half an hour 
in air.
Calculated for C 0 H0 0 N„Br,Cr: Cr, 7.31: Br, 67.38;
8 28 4 6 7 7
C, 13.49; H, 3.93; N, 7.87%.
Found: Cr, 7.62; Br, 67.41;
C, 12.97; H, 3.70; N, 8.15%.
(10) Anilinium Tetrabromochrornate(II)
Chromium(II) bromide hexahydrate (7.74g.) was
3
dissolved m  concentrated hydrobromic acid AR(30cm ) by 
heating. To this was added a solution of anilinium
3
bromide (8.34g.) in concentrated hydrobromic acid (50cm ).
The mixture was cooled in ice while shaking and then allowed 
to stand for a few minutes; light blue crystals separated 
immediately from a light green solution. The crystals 
were filtered off on a sintered filter, washed with 
concentrated hydrobromic acid and acetone, then dried 
for two hours at room temperature, and finally heated to 
120°C under vacuum for six hours. A light yellow compound 
was obtained. The dry light yellow compound turned green 
in ten minutes in air.
Calculated for [NC6Hs]2 CCr^r4 ] : 9.21; Br, 57.11;
C, 25,73; H, 2.85; N, 5.00%.
Found: Cr, 9.41; Br, 57.22;
C, 25.31; H, 3.0; N, 4.90%.
(11) Dimethylammonium Tetrabromochromate(II)
Chromium(II) bromide (5.99g.) was dissolved in
3
hot glacial acetic acid (200cm ). The light green 
solution was transferred to the recrystallisation apparatus 
and heated as in (4) to dissolve the dimethylammonium 
bromide (7.04g.) on the sinter. The resulting solution was 
allowed to cool and the light green crystals which separated 
were filtered off, washed with glacial acetic acid, and 
dried under vacuum for six hours at room temperature and 
for a further six hours at 120°C. The light green compound 
turned deep green immediately in air.
Calculated for [nC^H^J^ [CrBr4 ] : C r ? 11.21; Br, 68.63;
C, 10.35; H, 3.45; N, 6.03%.
Found: Cr, 11.39; Br., 68.93;
C, 10.45; H, 3.62; N, 5.74%.
(12) Guanidinium Tetrabromochromate(II) Diacetic acid
Chromium(II) bromide (5.04g.) was dissolved in hot
3glacial acetic acid (200cm ). It gave a light green solution 
which was transferred to the recrystallisation apparatus, 
and heated as in (4) until all guanidinium bromide (6.42g.) 
on the sinter had dissolved. The light green crystals 
separated from the light green solution on cooling. The 
crystals were filtered off, washed with glacial acetic 
acid and dried for eighteen hours in vacuo. The light green
compound turned deep green in five minutes in air.
Calculated for [C (NH2 )3 ] 2 [crBr4 • J 2MeC0 2H Cr, 8 .2 ; Br, 52.25 
C, 11.77; H, 3.27; N, 13.73%.
Found:Cr,8 .5; Br, 52.63
C, 11.51; H, 3.50; N, 14.37%.
(13) n- Propylammonium Tetrabromochromate(II)
Chromium(II) bromide (5.72g.) was dissolved in hot
3glacial acetic acid(250cm ) and gave a light green solution 
which was transferred to the recrystallisation apparatus. 
Propylammonium bromide (7.54g.) was dissolved from the sinter 
as in (4). The solution was cooled and shaken and bright 
yellow green crystals appeared. These were filtered off on a 
sintered filter, washed with glacial acetic acid and dried 
in vacuo for six hours at room temperature, and at 1 2 0 °C for 
a further six hours. The dry compound is greenish-yellow 
and very air-sensitive; on exposure to air it quickly turned 
green.
Calculated for [NC 3 H10J [crBr4 ] : Cr,10.57; Br, 65.01;
2
C, 14.64; H, 4.06; N, 5.69%.
Found:Cr, 10.82; Br, 65.25;
C, 14.70; H, 4.45; N, 5.67%.
(14) n-pentylammonium Tetrabromochromate(II)
Chromium(II) bromide (4.95g.) was dissolved in hot
3glacial acetic acid (250cm ) and gave a light green solution 
which was transferred to the recrystallisation apparatus. 
Pentylammonium bromide (7.72g.) was dissolved from the 
sinter as in (4). The solution was cooled and shaken. The
bright yellow crystals obtained were filtered off on a 
sintered filter, washed with glacial acetic acid and 
dried in vacuo for six hours at room temperature and 
for a further six hours at 120°C. The dry compound is 
greenish-yellow and very air-senstitive; on exposure to 
air it quickly turned green.
Calculated for [crBr^j : Cr, 9.49; Br, 58.36;
C, 21.95; H, 5.11; N, 5.11%.
Found: Cr, 9.61; Br, 58.61;
C, 21.80; H, 5.46; N, 5.0%.
(15) n- Octylammonium Tetrabromochromate(II)
Chromium(II) bromide (4.52g.) was dissolved in hot
3glacial acetic acid (250cm ) and gave a light green 
solution which was transferred to the recrystallisation 
apparatus. Octylammonium bromide (8.82g.) was dissolved 
from the sinter as in (4). The solution was cooled and 
shaken. The bright yellow crystals obtained were filtered 
off on a sintered filter, washed with glacial acetic acid 
and dried in vacuo for six hours at room temperature and 
for a further six hours at 120°C. The dry compound is 
greenish-yellow and very air-sensitive; on exposure to air 
it quickly turned green.
Calculated for (NC 8 H2 o]2 (CrBr4j : Cr, 8.23; Br, 50.60;
C, 30.39; H, 6.33; N, 4.43%.
Found: Cr, 8.45; Br, 50.97;
C, 30.08; H, 6.87; N. 4.40%.
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(16) n- Dodecylammonium Tetrabrochromate(II)
Chromium(II) bromide (4.40g.) was dissolved in
3
hot glacial acetic acid (250cm ) and gave a light green 
solution which was transferred to the recrystallisation 
apparatus. Dodecylammonium bromide (10.64g.) was 
dissolved from the sinter as in (4). The solution was 
cooled and shaken. The bright yellow crystals obtained were 
filtered off on a sintered filter, washed with glacial 
acetic acid and dried in vacuo for six hours at room 
temperature and for a further six hours at 120°C.
The dry compound is greenish-yellow and very air-sensitive; 
on exposure to air it quickly turned green.
Calculated for [N^i2 H2 s] 2 (CrBr4 J : C r’ 6 Br’ 42 * 97 ’
C, 38.72; H, 7.53; N, 3.76%.
Found: C r , 7.21; Br, 42.74;
C, 39.18; H, 7.49; N, 3.72%.
Other Preparative Studies
Attempts to prepare the following compounds 
using various solvents and procedures were unsuccessful.
The micro analytical results for carbon, hydrogen and 
nitrogen, which are given in Table 4 , were unsatisfactory.
TABLE 4
Compound Solvent % Cr % C % H % N
1 . [c(NH2 )3 )2 fCrCl^ Calc:
Acetic acid Found: 
Ethanol Found: 
Methanol Found:
16.56
16.89
•7.64 
14.60 
6 .94 
9.04
3.82 
3.93 
3.11 
4. 15
26.76
18.11
24.48
21.13
2 . [ m t 2n ^ 2 [crcij Calc :
HCl(conc:) Found: 
Ethanol Found:
15.21
15.65
14.73
28.08
1.14
29.08
7.02
2.47
7.33
8.19
0.43
5.80
3. [C6 H5 NHNH3] 2 
[CrCl4l
Calc :
Ethanol Found:
12.62
12.71
34.96
38.97
4.37
5.30
17.48
16.97
4. [NH2C0NHNHJ1 
TcrClJ
Calc:
HCl (cone) Found: 
Acetic acid Found:
11.37
10.81
7.87
0.65
7.28
3.93 
5.15 
- 2.72
27.55
18.72
2 1 . 0 2
5 . [Me2CHNHp 2 
[CrClJ
Calc:
Ethanol Found:
16 .36 
15 .73
22.65
17.18
6.29
5.21
8.81
8.05
6 . (Me2 NH(CH2 ) NHMeJCalc:
Acetic Acid Found:
CC r C 1 il
16.68
16.42
23.09
25.00
5.77
6.25
8.97
9.35
7. [nH3 (CH2 )3 H3 nJ Calc :
HBr(conc:) Found: 
Ethanol Found: 
Acetic acid Found:
8.04
11.82
13.12
12.57
2 . 6 8
4.59
4.64
4.31
6.25 
9.56 
10.45 
9.13
6 . [o-cH3c 6 H4 NH3] 2 
[CrBr4l
Calc :
Ethanol Found:
35.02
41.25
4.17
5.14
5.83 
6 .79
Crystallisation of Chromium(II) Complexes for Single
Crystal X-ray Diffraction Studies.
(1) 1,3-Propanediammonium Tetrachlorochromate(II)
This complex was prepared as in (5), Chapter 2 , 
but the yellow green crystals were re-dissolved in 1 2M 
hydrochloric acid by heating and the solution was left 
for five days to allow the crystals to grow slowly.
The crystals were filtered off on a sintered filter, 
washed with ethanol, and dried for four hours.
Calculated for [n2C 3 H12] [CrCl4 ] : C, 13.34; H, 4.44; N,10.37%.
Found: C, 13.36; H, 4.41; N,10.11%.
(2) Diethylenetriammonium Pentachlorochrornate(II)
Chromium(II) chloride tetrahydrate (4.25g.) in 12M
3hydrochloric acid (50cm ) by heating. To this was added a 
solution of diethylenetriammoniuffi chloride (4.45g.) in 12M
3
hydrochloric acid (31cm ). The mixture was cooled in ice 
while shaking and then allowed to stand for ten minutes.
The yellow-green crystals which separated from a light green 
solution were re-dissolved by heating and the mixture was 
left for two days for the crystals to grow. The crystals were 
filtered off on a sintered filter, washed with ethanol and 
dried for seven hours.
Calculated for [N3C4H16J .[cr Cl^J : Cr, 15.49; Cl, 52.90;
C, 14.31; H, 4.77; N, 12.52%.
Found: Cr, 15.53; Cl, 52.83;
C, 14.53; H, 5.05; N, 13.27%.
(3) Ethylammonium Tetrachlorochromate(II)
Chromium(II) chloride tetrahydrate (3.65g.),
3
dissolved in ethanol (40cm ), was added to a solution
3of ethylammonium chloride (2.92g.) in ethanol (35cm ).
The yellowish-green crystals obtained on shaking were 
filtered off and redissolved in hot ethanol. The solution 
was left for three days for the crystals to grow gradually.
The crystals were filtered off, washed with ethanol and 
dried for four hours.
Calculated for (nC2 HqJ 2 [cxcrj : C r , 18.18; Cl, 49.65%.
Found: Cr, 17.78; Cl, 49.43%.
(4) Dimethylammonium Tetrachlorochromate(II)
Chromium(II) chloride tetrahydrate (4.83g.),
3
dissolved in ethanol (30cm ), was added to a solution of
3
dimethylammonium chloride (4.03g.) in ethanol (30cm ). A
blue solution was obtained. It was concentrated under
3vacuum until 40cm remained. 2 ,2-Dimethoxypropane was 
added dropwise until a precipitate just formed. It was 
left for six days for the crystals to separate. Light 
green crystals were filtered off, washed with 2 ,2 -dimethoxy- 
propane and dried for four hours.
Calculated for (NC2H8 ] 2 [CrC 1 4 j : C? 16.80; H, 5.59; N, 9.79%
Found:C,16.77; H, 5.73; N, 9.85%.
(5) Anilinium Tetrachlorochromate(II) dihydrate
The complex was prepared in the same way as in (3),
Chapter 2 . The light blue crystals were redissolved in 
ethanol by heating and the mixture was left for two days for
the crystals to grow. The crystals were filtered off, 
washed with ethanol and dried for four hours.
Calculated for ' [nC6 Hq ]2 [crCl4 (0H2 ) 2] : C, 34.46; H, 4.78; 
N, 6.70%.
Found: C, 34,34; H, 4.72;
N, 6.60%.
Sealing of air-sensitive Single Crystals in Lindemann
Capillaries
The apparatus (Figure 1 ) used to seal single crystals
76in Lindemann capillaries is an improvement of a published 
(Figure 2 ) design. It consists of a cylindrical pyrex glass 
chamber with thick flat end plates of soda glass fixed with 
1Aralditef, having a ball joint A (S29), a tap B and BIO joint 
for connection to the pump and nitrogen supply, a ground glass 
cone C(B19), and a socket D (BIO) into which the attachment E 
(also drawn separately) is inserted. When E is inserted the 
small hole F lies over the middle region of the chamber. The 
notched sample tube is placed in E, and the tube G clipped in 
position to provide the breaking device. Capillary tubing 
(length 9cm and outside diameter 0.6mm) was sealed to 
several glass rods of the diameter (0.7cm) needed to give a 
fairly tight fit with the screw thread adapter. A piece of 
flexible wire sufficiently thin to enter a 0.5mm capillary 
was fixed with Araldite inside the capillary end of one rod.
The Lindemann capillary (usually 1 or 2mm diameter) was held 
in the capillary end of other glass rod with plasticine 
previously inserted. A small piece of wax had been previously 
pushed into the capillary with a very thin glass rod (0.5mm 
diameter) to hold the crystal in position. The apparatus was 
connected to the vacuum line at B, and evacuated and flushed 
with nitrogen three times. There was some difficulty with 
the rod to which the wire was attached in that it had to be 
held or clamped during evacuation otherwise it was sucked in. 
Then the tube containing the crystals was broken with the ball 
joint at E, and the crystals were tapped into the small bulb
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F and finally in the middle of the chamber by rotating the 
bent tube E around its axis and sliding the crystals through 
the tube. The crystals were retained in the middle region 
of the apparatus by the glass ring H sealed to the base of 
the cylinder. The baffle J prevented the crystals from 
being blown around when nitrogen was admitted. The whole 
apparatus was placed on an illuminated glass box and a single 
crystal was selected by viewing through the microscope. This 
crystal was then picked up with the tip of the very lightly 
greased wire and carefully introduced into the capillary.
A hypodermic syringe containing deoxygenated nujol was 
introduced at A against a fast flow of nitrogen, after removal 
of the glass rod with the wire. A small amount of nuj'ol was 
then injected into the capillary at the constriction to prevent 
any air getting in when the capillary was taken into the 
atmosphere. Then the glass rod which held the capillary was 
taken out and the capillary was sealed off with a small flame 
from a spirit lamp. It was necessary to seal the capillary 
quickly but carefully so that the hot gas within did not burst 
the end during the sealing.
The manipulations were carried out with the apparatus open 
to the nitrogen supply at B, with a good nitrogen stream passing 
out through the bubblers of the main apparatus. Consequently, 
there was a slight positive pressure of nitrogen within the 
apparatus and accidental separation of j'oints did not lead to 
ingress of air. Before the glass rod and capillary containing the 
crystal and the rod with the wire were removed the nitrogen flow 
was increased, and another rod with a Lindemann capillary was 
inserted against the stream of gas after the first rod had been 
removed. The apparatus was then evacuated, refilled with
49
nitrogen. A similar procedure was used if the rod had to 
be removed to re-grease the wire.
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Discussion of Results
Magnetism
Since there is an orbital doublet E term as the
ground level, in the first approximation, no orbital
contribution to the magnetic moment should arise in
octahedral spin-free chromium(II) complexes, so that
temperature-independent effective magnetic moments close to
3 1the spin-only value of 4.90 B.M. (t~ e configuration) are
y 9
expected. A second order effect of spin-orbit coupling of
5 . . 5the T? term with the non-magnetic E ground term should 
9 9
affect the moment slightly according to the equation 
Aeff = /s.o. ^
where y = the effective magnetic moment
y&s = the spin-only moment
A  = the spin-orbit coupling constant
A  = the ligand field splitting parameter
Substitution of reasonable values (A  = 1 3 000cm”\
A  = +58cm”‘1') into the formula, the value A = 4 . 8 4  B.M. is' ' etf
obtained, which is in agreement with the experimental value.
Allowing for temperature-independent paramagnetism of
6 77approximately 100x10 e.g.s. units , this would increase the
moment to 4.88 B.M. Correcting for the tetragonal distortion,
inherent in chromium(II) compounds by taking a lower value
78of A ,  and for the reduction of A  on complex formation, 
would have opposite and approximately equal effects on the 
magnetic results, and would be experimertally undetectable.
The variation with temperature of the atomic susceptibilities 
and effective magnetic moments of the complexes prepared in the 
present study over the range 80-300°K, and the Curie-Weiss 
constant©, are shown in Tables 5 - 8  and plotted in Figures 3-10.
The hydrated compounds, that is [H2pipZ] fcrCl4 (0H2 )2-} and
D  JL
Magnetic Results
TABLE 5
Compound
[H2pipZ]{CrC14 (0H2 )2)
T (°K) l o V A
-2 "I
10 *A A e f f  (B
295.5 9,873 1.012 ' 4.83
265.5 11,181 0.894 4.87
229.5 12,815 0.78 4.86
197.4 14,603 0.684 4.80
166.5 17,547 0.569 4.83
135.3 21,754 0.459 4.85
104.0 28,599 0.349 4.87
89.5 33,395 0.299 4.88
9=0
-6(diamagnetic correction=-193xl0 e.g.s. units)
fH2pipz][CrClJ
9=75
[NPhH3 ] 2 [CrCl ]
295.4 8,423 1.186 4.46
265.5 8,983 1.112 4.36
229.5 10,199 0.98 4.32
197.4 11,015 0.90 4.17
166.5 12,503 0,799 4.08
135.2 14,615 0.684 3.97
104.0 17,095 0.584 3.77
89.5 18,423 0.542 3.63
!=- 167x10 c . g . s . units)
295.5 11,814 0.846 5.28
265.3 13,717 0.729 5.39
229.5 16,595 0.602 5.51
197.4 20,193 0.495 5.64
166.5 25,924 0,385 5.87
135.3 36,435 0,274 6.27
104.0 59,976 0.166 7.06
89.5 81,667 0.122 7.64
0=55
-6(diamagnetic correction=-224xl0 e.g.s. units) 
(o-CH3C6H4NH3] (CrClJ
295.5 12,507 0.799 5.43
265.4 14,909 0.67 5.62
229.5 18,482 0.541 5.82
197.4 22,917 0.436 6.01
166.5 29,909 0.334 6.31
135.3 42,629 0.234 6.79
104.0 70,965 0.140 7.68
89.5 97,083 . 0.103 8.33
0=65
(diamagnetic correction=-248x!0 e.g.s. units)
TABLE 6
Compound 
[n h 3 (CH2 )3 H3N](CrCl4)
T(°lO 1q6*A
6=63
[NEt3H]2 [CrClJ
9=35
(N2H6]2 (CrC^ J
0=75
(H2pipZ]2 (crBrJaH 0
0=0
/“eff .M
295.4 12,793 0.781 5.49
265.5 15,007 0.666 5.64
229.5 18,193 0.549 5.77
197.4 22,540 0.443 5.96
166.5 29,533 0.338 6.27
135.3 43,195 0.231 6.83
104*0 71,653 0.139 7.71
89.5 105,997 0.094 8.71
=-157x10"6c . g . s . units)
295.5 8,649 1.156 4.52
265.3 9,810 1.019 4.56
229.5 11,003 0.908 4.49
197.3 12,513 0.799 4.44
166.5 14,803 0 .675 4.43
135.3 17,235 0.580 4.31
104-0 21,194 0.471 4.19
89.4 23,802 0.420 4.12
i=-270xl0-6c . g .s . units)
295.5 9,559 1.046 4.75
265.5 10,231 0.977 4.66
229.5 11,231 0.878 4.57
197.4 12,692 0.787 4.47
166.5 14,322 0.698 4.36
135.2 16,833 0.594 4.26
104*0 19,736 0.506 4.05
89.5 21,435 0.466 3.91
t=-195xl0 -6 c . g . s . units)
295.4 10,257 0.974 4.92
265.3 11,475 0.851 4.99
229.5 13,233 0.755 4.92
197.3 15,335 0.652 4.92
166.5 18,181 0.550 4. 92
135.3 22,495 0.444 4.93
104*0 29,191 0.342 4.92
89.5 33,878 0.295 4.92
= -324x10' c.g.s . units )
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TABLE 7
Compound 
[H2pipz]2 [crBr6]
T(°K) 10V A /*eff -]
295.5. 9,564 1,045 4.75
265.3 10,848 0.921 ' 4.79
229.5 12,264 0.815 4.74
197.4 14,064 0.711 4.71
166.5 16,884 0.592 4.74
135.2 20,784 0.481 4.74
104-0 26,616 0.375 4.70
89.5 30,708 0.325 4.68
9=0
-6(diamagnetic correction=-288x!0 e.g.s. units)
[NPhH3 ] 2 [crBrJ
9=35
(diamagnetic correction=-269xl0 -6 c . g .s . units)
9=75
(diamagnetic correction=-220xl0 e.g.s. units)
(C(NH2 )3]2 [CrBr4 )2MeC02H
(B.M.)
295.5 8,832 1.132 4.56
265.4 9,763 1.024 4.55
229.5 11,050 0 904 4.50
197.4 12,069 0.828 4.36
166.5 14,188 0.704 4.34
135.3 16,891 0.592 4.27
104.0 21,108 0.473 4.19
89.5 24,444 0.409 4.18
295.5 8,451 1.183 4.46
265.5 9,330 1.071 4.45
229.5 10,370 0.964 4.36
197.4 11,522 0.867 4.26
166.4 13,219 0.756 4.19
135.2 15,239 0.656 4.02
104.0 17,844 0.560 3.84
89.5 19,258 0.519 3.71
295.5 10,185 0.981 4.90
265.4 11,372 0.879 4.91
229.5 12,963 0.771 4.87
197.3 15,068 .0.663 4.87
166.5 18,036 . 0.554 4.90
135.3 22,382 0.446 4.92
104.0 28,710 0.348 4.88
89.5 33,033 0.272 4.86
9=0
— 6(diamagnetic correction=-284x!0 e.g.s. Units).
J4r
TABLE 8
[,<
Compound 
.H_NH ]2 [CrBrJ
©=-83
T (°K) 1q6X a A>ff  ^
295.5 13,994 0.714 5.75
265.5 16,634 0.601 5.94
229.5 20,869 0.479 * 6.18
197.3 26,671 0.374 6.47
166.4 36,489 0.274 6.97
135.3 62,559 0.159 8.22
104.0 136,506 0.073 10.65
89.5 246,259 0.046 13.27
-6(diamagnetic correction=-244xl0 e.g.s. units)
(B.M.)
[ ^ 5 H H NH3]2 [CrBrJ
©=-85
295.5 13,962 0.716 5.74
265.5 16,421 0.608 5.90
229.5 20,740 0.482 6.16
197.4 26,574 0.376 6.47
166.5 38,157 0.262 7.12
135.2 62,553 0.159 8.22
104-0 141,890 0.074 10.86
89.5 257,348 0.038 13.57
-6(diamagnetic correction=-291x!0 e.g.s. units)
^■c8n17m 3]2 [CrBr4]
©=-85
295.5 14,114 0.708 5.77
265.5 17,017 0.587 6.01
229.5 21,066 0.474 6.21
197.4 27,179 0.367 6.55
166 .5 37,684 0.365 7.08
135.3 61,597 0.162 8.16
104-0 133,413 0.074 10.53
89.5 229,027 0.043 12.80
-6(diamagnetic correction=-362x!0 e.g.s. units)
■c12H25NH3]2 [crBr4]
295.5 13,643 0.732 5.67
265.5 16,346 0.611 5.89
229.5 20,140 0.496 6 .08
197.4 26,774 0.373 6.50
166.5 38,650 0.258 7.17
135.3 65,704 0.152 8.43
104.0 181,047 0.055 12.27
89.5 287,817 0.034 14.35
©=-85
-6(diamagnetic correction=-457x!0 e.g.s. units)
X
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[H^pipz^ (crBr^l^H^O, obey the Curie law down to liquid
with^ eff
nitrogen temperature ,A close to the spin-only value of
4.90 B.M. as expected for four unpaired electrons. These 
compounds are therefore magnetically-normal, high spin 
chromium(II) compounds.
The compounds piperazinium tetrachlorochromate(II), 
triethylammonium tetrachlorochromate(II), bis(hydrazinium) 
hexachlorochromate(II), bis(piperazinium) hexabromochromate(II), 
anilinium tetrabromochromate(II), and dimethylammonium 
tetrabromochromate(II) have room temperature magnetic moments 
well-below the spin-only value, which decrease markedly as the 
temperature is lowered. These compounds obey the Curie-Weiss 
law with large © values. The low moments and their temperature 
dependence can be attributed to antiferromagnetic interactions, 
arising from chloride-bridged structures. These structures are
confirmed by the reflectance spectra which are typical of
tetragonal chromium(II). Guanidinium tetrabromochromate(II) 
diacetic acid has a room temperature magnetic moment of
4.90 B.M. which is invariant with temperature. The normal 
magnetic moment may be due to co-ordination of the cation
in its ionic form via one of the uncharged NI^ groups and or 
co-ordination of acetic acid, although the latter would be
expected to lead to loss of a proton from the acetic acid. The
compound has no bridged structure because of the normal 
magnetic behaviour. The compound bis(piperazinium) 
hexabromochromate(II) also shows normal magnetic behaviour.
Its magnetic moment is only slightly below the spin-only value 
and is independent of temperature.
The anhydrous 2:1 compounds, anilinium, o-methylanilinium,
1,3-propanediammonium tetrachlorochromates(II), n-propylammonium,
n-pentylammonium, n-octylammonium, n-dodecylammonium 
tetrabromochromates(II) exhibit ferromagnetism. The magnetic 
moments are greater than the spin-only value at room 
temperature and increase considerably with decreasing 
temperature. This behaviour must be attributed to the nature 
of the compounds, and not to the accidental presence of 
ferromagnetic impurities. In some cases the compounds were 
prepared directly from a solution of the constituents in 
glacial acetic acid while others were prepared from 
magnetically-normal hydrates, there being no opportunity for 
ferromagnetic material to enter the system. Also, X a was 
found to be independent of magnetic field strength which 
confirms the absence of ferromagnetic impurity.
All the ferromagnetic compounds prepared in this work 
obey the Curie-Weiss law over the temperature range studied.
The © values, which are given in Tables 5-8 , range from 
-55° to -95°.
Many chromium(II) compounds have been s h o w n ^ ’^ ’^ ^
by X-ray powder photography to be isomorphous with the
corresponding copper(II) compounds, that is, there is a
tetragonally distorted octahedron of chloride or bromide ions
with its long axis in the plane formed by metal ions and
chlorine or bromine bridges. Such an arrangement would account
for the ferromagnetic sign of the near-neighbour magnetic
2interaction by superexchange between a half-filled z and an
2 2 80 empty x -y orbital at right angles to each other. A
similar explanation has been given for the ferromagnetism 
81of K2 [Cu F43 and bis(monoalkylammonium) tetrachlorocuprates (II). 
That the near-neighbour exchange is indeed ferromagnetic 
over the range 80-300°K is confirmed by the fact that the 
magnetic data can be fitted successfully to the expression
TABLE 9
Complex
[n-C3H7NH3)a(crBr4]
[n-c5Hi1NH3|CrBr4]
[n-Ci2^#iH3jjCrBr4]
J/cm ^
10.42
10.71
10.34
15.75
given on p. 25 for a sheet ferromagnet, with positive values 
of J and values of g close to 2.00 as shown in Table 9.
Ferromagnetic alignment of electron-spins is said to
. . . 4produce susceptibilities up to 10 e.g.s. units m  excess for
those for a normal paramagnetic material. This has been
found with these compounds. All susceptibilities are independent
of the magnetic field strength over the temperature range
8G-300°K. Ferromagnetic compounds show field dependence, but
only below their Curie temperatures and these are at lower
temperature than attainable with liquid nitrogen. However,
magnetisation measurements over the range 4.2-80°K have
confirmed that the susceptibility of some compounds becomes
field-dependent below 6 5 ° K . 5
84 .Ginsberg has described many pathways which permit
ferromagnetic or antiferromagnetic interaction i.e. parallel
o 4or antiparallel coupling m  180 high spin d systems for the
• . , , 2- • situation where two planar CrX^ units share a corner.
He concluded that the net result is likely to be antiferro­
magnetic coupling. However, if coupling occurs via the 
tetragonal axis the longer metal-chloride distance could 
lead to a diminishing of the antiferromagnetic interactions 
compared with the ferromagnetic interaction. In the case of 
2:1 compounds with antiferromagnetic behaviour, it is possible 
that the presence.of different cations reduces the Cr-Cl-Cr 
angle and/or the tetragonal distortion and favours the
antiferromagnetic interaction. This angle is important since
851:1 compounds, e.g. CsCrCl^, have structures in which the 
Cr-Cl-Cr bridge angles are much nearer to 90° than 180°, and 
their antiferromagnetic behaviour agrees with the predictions. 
Some of the bromides in the present work show antiferromagnetism.
This change in the magnetic behaviour could be due to the
o
large ionic radius of bromide (r=1.96A) relative to chloride 
o
(r=1.81A). The different electronegativities of chloride and 
bromide could also be important. If a similar arrangement of
(CrBr^]^ units occurs in these antiferromagnetic bromides 
as in the copper(II) and chromium(II) chlorides, the 
magnetic interactions should be transmitted through the 
tetragonal axis. The substitution of bromide for chloride 
seems to reduce either the tetragonal distortion and/or the 
chromium-bromide-chromium 180° angle so that the situation 
favours antiferromagnetic interactions. On the other hand, 
n-propyl-, n-pentyl-, n-octyl-, and n-dodecylammonium 
tetrabromochromates(II) exhibit ferromagnetism, and the size 
of the cations must have modified the crystal structure so as 
to favour ferromagnetism in spite of the normal effect of 
bromide. Various parameters, such as metal-metal separation, 
d-electron configuration, size and polarizability of bridging 
atom or group, the bridging angle, and planarity of the bridging 
system are important in determining whether antiferromagnetic 
or ferromagnetic interaction will be found in a polymeric 
transition metal complex.
Ferromagnetism and Antiferromagnetism
For binuclear compounds in which intermolecular 
antiferromagnetic and ferromagnetic interactions occur, it has
been shown that the experimental atomic susceptibility, X a ?
86
of the metal atoms can be reproduced by equation (1)
2 2 S' (S' +1) (2S' +1) exp-Ei (0)
__________  kT +N(oc)
-E.(0)
kT
where g = spectroscopic splitting factor, the ratio
(2S'+1) exp
of magnetic moment to angular momentum
23 -1N = AvogadroTs number = 6.023x10 mole
-20 -1 /3 = Bohr magneton = 0.9270x10 ergs gauss
T = absolute temperature
~ 16 — 2.k = Boltzmann’s constant = 1.38x10 erg degree
= 0.6950cm  ^ degree ^
S'= total spin quantum number for the molecule which can 
have the values 0, 1, 2....2S where S is the total 
spin quantum number for each paramagnetic atom.
N(Ce) = a temperature-independent contribution to the 
susceptibility composed of the temperature- 
independent paramagnetism and the underlying diamagnetisi 
of the metal atom.
E^(0) = the energy of a level specified by S which can have the
values 0, 2S , 6S , 12S..... j[($' (S' +1 ))]corresponding
to S'= 0, 1, 2...... for the antiferromagnetic case.
For the ferromagnetic case, the energy corresponding 
to S/=0 lies highest.
J is the exchange integral which is equal to half the triplet- 
singlet separation in the cases under consideration; J is 
positive for ferromagnetic compounds and negative for anti-, 
ferromagnetic compounds. The equation has been derived assuming 
no temperature-dependent orbital contribution to the magnetic 
moment. Noc is very small compared to ^  and can therefore be 
neglected, and so equation (1) reduces, for four unpaired 
electrons (S=2) in a binuclear system, to
_ 3k f30+14x8+5x14+x18 1 (2)
^ T 1-9+7x 8+5x 14+3x 1®+x 20^ 
where x = with J measured in cm \  and k=0.6950cm”'1' degrees \
leaving J_ dimensionless. 
kT
For convenience J can be quoted in degrees such that X=J? and
T
k is incorporated in J.
K = 4 k  = o - l 2 5 l 92 ••• g r h s i  <3 >
At a certain temperature and for a certain value of
87a J value is guessed. By substitution in equation (2) ,
K and finally g are calculated. If g is close to 2.00 the value
of is calculated at another temperature and compared with the
experimental value. Checks are also made at several other
temperatures. If the g value is not close to 2.00 or if the
experimental and calculated values of X. do not agree within a
few percent, a different J value is chosen and the process
repeated. Attempts to fit the magnetic results of ferromagnetic
compounds to the binuclear expression by using positive J values
have been unsuccessful. Thus, these compounds are considered
49to be polymeric.
Reflectance Spectra
4
The chromium(II) ion has a 3d electron configuration
giving rise to a 5D spectroscopic ground term which is split
in an octahedral (0^) crystal field into a lower doublet Eg
level and upper triplet T2g level. Therefore, only one
5 5spin-allowed d-d transition, E — > T , is expected in the
9 9
visible spectra of high-spin chromium(II) complexes.
However, the Eg ground term is orbitally degenerate5 
(0^ symmetry) and so a high-spin complex is subject to 
Jahn-Teller distortion. As a result, even with six identical 
ligands, the expected stable configurations are distorted
(0 ^— ^ 4 ^) > an<3 three spin-allowed transitions are expected,
5 5 5 5 5 5B, — £ An , B, — > B0 and Bn —  ^E , as shown in Figure 11. lg lg lg 2g lg g y
88 89Orgel and others attributed the broad, highly,
asymmetric visible band in aqueous chromium(II) spectra to a
2+tetragonal distortion of octahedral Cr(H20)6 , brought about
90by the Jahn-Teller effect. Such tetragonal distortions
(axial elongation) have been observed in chromium(II) compounds
91 92studied crystallographically. ’ The presence of the low-
energy band is expected if the molecules are substantially
93-95distorted from an octahedral configuration.
The 5Eg ground term in tetragonal symmetry is expected 
to show a relatively larger splitting than the 5T2g term.
It has been calculated that the separation of the 5Eg and 
5B2g terms in tetragonal symmetry will be of the order of 
2 OOOcm \  and an<3 will be separated by approximately
6 500cm \  but larger splittings of the latter pair of terms 
have been found experimentally. The main band observed in 
chromium(II) compounds is usually of sufficient breadth to 
contain two or three bands separated by about 2 OOOcm-1
Figure 11
5Splitting of the D spectroscopic term under 
(a) cubic field, (b) and (c) weak and strong
tetragonal fields respectively.
TABLE 1.0
Reflectance Spectral Results
Compound
{^ 2pipip z CrCl4 (°H2 )2
[H2pipzj [CrClJ
[NPhH3] [CrClJ
[0-CH3C6H4NH3] 2 [crCl4]
[n h3 (c h 2 )3h3n] [crCl^
[ m t ^ J c r C l J
M  2 rc r c i6]
Absorption maxima (cm 
R.T. L.N.T.
18 900 vw sh
17 000 w sh 
13 000 s vb
10 000 w sh
18 700 vw sf 
17 600 vw sf 
15 800 w sf
11 200 s vb 
7 600 w sh
19 000 vw sh
16 800 vw sh 
13 500 s vb
9 800 w sh
18 800 vw sf
17 700 vw sf 
15 900 w sf 
11 000 s vb
8 200 w sh
20 500 vw sf 20 600 vw sf
18 600 v sp sf 18 600 v sp sf
17 400 vw sf 17 600 vw sf
16 900 vw sf 16 900 vw sf
15 800 vsp sf 15 700 v sf sf
11 400 s vb 11 750 s vb
8 600 8 400
20 600 vw sf 
18 600 v sp sf 
17 600 vw sf 
16 800 vw sf 
15 800 v sp sf 
11 650 s vb 
9 000
20 500 
18 600 
17 500 
17 000 
15 800 
11 400
26 500 vw 
vw sf 20 600 vw sf 
v sp sf 18 600 v sp sf 
vw sf 17 600 vw sf 
vw sf 17 000 vw sf 
v sp sf 15 900 v sp sf
s vb 13 800 vw sh 
11 500 s vb 
9 000 w sh
20 800 m 
11 800 s vb 
9 000 sh
22 600 vw 
20 800 vw sf 
18 600. vw sf 
17 400 vw sf 
15 800 w sf 
11 000 s vb 
8 000 w sh
22 700 vw 
20 900 vw sf 
18 700 vw sf 
17 500 vw sf 
15 800 w sf 
10 900 s vb 
8 200 w sh
/ J
[H2pip2] 2 [crBr^|.2H20
[H2PipZ] 2 [CrBr6]
[NPhH3] 2 [CrBr4]
[NMe2H2] [CrBrJ 
2
[C (NH2)3]2[CrBr4]2MeC02H 
[=-C3H7m 2] 2[CrBr4]
[=-C5HllNH3] 2[CrBr4]
[S-C 8H17NH3] 2 [CrBrj
[=-C 12H25NH3] 2 [CrBr4]
22 600 w sf 
18 700 w sf 
17 900 vw sf 
16 700 vw sf
11 200 s vb
18 000 vw sf
17 000 w sf
10 600 s vb
20 600 w sh
18 300 V sp sf 18 300 V sp sf
17 400 w sf 17 300 w sf
16 800 w sf 17 000 w sf
15 600 V sp sf 15 700 V sp sf
13 400 w sh sf 13 400 w sh sf
10 000 s vb 10 400 s
7 000 w sh 7 000 w sh
16 900 m
11 700 s vb
8 300 sh
16 900 w sf
11 600 s vb
7 000 w
20 000 vw sh
18 500 V sp sf
17 500 vw sf 
16 900 vw sf
15 700 v sp sf
14 200 vw sf 
10 600 s vb
8 000 s
20 000 w sh
18 400 v sp sf 
17 400 vw sf
17 000 vw sf
15 700 v sp sf
14 400 vw sh sf 
10 500 s vb
8 000 s
19 800 w sh sf
18 400 v sp sf 
17 390 vw sf
17 400 vw sf
15 750 v sp sf
14 500 vw sh sf 
10 750 s vb
7 000 s
20 000 vw sh sf
18 400 v sp sf 
17 200 vw sf
15 800 v sp sf 
14 200 vw sf 
10 800 s vb
« nnn c
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Figure 14
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Figure 15
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i.e. to contain superimposed transitions to the ^B2g an<^
5 5 5
Eg terms. The lower frequency ( ) absorption is
also called the distortion band.
Octahedral distortion is commonly found in copper(II)
complexes where two ligands are much further from the metal ion
than the other four. It was found that the anhydrous halides
of chromium(II) all have an essentially tetragonally elongated
octahedral arrangement of halide ions about the chromium(II)
ion. In anhydrous chromium(II) chloride there are four
o o
chloride ions at 2.39A and two at 2.90A. Similar distortions
have been found in CrF^, CrBr^ and CrS. It has been reported
that the compound Cr^F^ contains both chromium(II) and
chromium(III) ions in octahedral environments, but the
octahedra about the chromium(II) ions are highly distorted
96with four short and two long bonds. On the contrary, the 
compound KCrF^ contains four long and two short Cr-F bonds.
The reflectance spectra of all these compounds (Table 10 
and Figures 12 - 1?) resemble those found for known 
tetragonally distorted chromium(II) compounds. The strong bands 
at approximately 13 000cm  ^ and 11 200cm-'1' in the spectra 
of piperazinium diaquatetrachlorochromate(II) and 
[H2pipz32 (crBr6l .2H20 respectively, at approximately 11 400cm  ^
in case of the anhydrous chlorochromates(II), and between 
10 000cm  ^ - 11 000cm  ^ in the spectra of the anhydrous 
bromochromates(II) is of sufficient breadth to contain two bands
separated by about 2 000cm-'1', and it is assigned to the
5 5 5 5superimposition of the B, — » B0 and B, — > E transitions.lg 2g lg g
Since the reflectance spectrum of [H2pipz]2 jcrBr6l2H20 
resembles the spectrum of the anhydrous compound, it seems 
that the water is not co-ordinated.
The band observed by Gruen and McBeth57 at g gOOcm"1
for CrCl^ in a LiCl-KCl eutectic above 400°C was assigned 
to the transition of a tetrahedral system. If the
measurement had been made at room temperature, the band would 
probably have been nearer to 11 000cm  ^ as the ligand field 
splitting decreases with temperature in agreement with the 
values found for the CcrCl^f salts with polymerised anions 
in the present work. Tetragonally distorted (CrCl^4- ions 
are probably present in the LiCl-KCl eutectic, and salts of 
tetrahedral (CrCl^ ions would be expected to show an 
absorption band in the region of 6 000cm Guanidinium
tetrabromochromate(II) diacetic acid exhibits one broad band 
of 12 000cm  ^ at room temperature, presumably because the 
compound does not contain bridging bromide as there is a 
band at 1 715cm  ^corresponding to unionized - CO^H, 
co-ordinated acetic acid may be present.
In addition to the spin-allowed d-d bands, the spectra 
of all compounds contained several other bands at higher 
frequencies which are assigned to spin-forbidden transitions. 
Dimethylammonium tetrabromochromate(II) and triethylammonium 
tetrachlorochromate(II) show one weak broad band at 16 900 
and 20 800cm  ^ respectively which is probably due to several 
unresolved spin-forbidden transitions. The broad band does not 
seem to be due to the presence of a small amount of chromium(III) 
impurity since chromium(III) usually absorbs at higher 
frequencies as was found (Figure 35) by deliberate oxidation 
of several of the complexes. The main bands in tetrabromo- 
chromates(II) are at lower frequency than in the spectra of 
the chlorochromates(II) because of the weaker ligand field 
strength of bromide.
The anhydrous ferromagnetic compounds show two very
i5Z
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The Tanabe-Sugano Energy Level Diagram for the Octahedral
d System
intense spin-forbidden bands around 15 800cm ^, and 18 500cm \
together with several weaker bands. These bands are transitions
to triplet states which have intensified through the magnetic 
97coupling. The relative intensities of the spin-forbidden bands 
can be put in the order: ferromagnetics > antiferromagnetics > 
paramagnetics. These bands were also reported in fluoro-
chromates(II) tetrachlorochromates(I I ^ 5 and some
63 64 4tetrabromochromates(II). ’ From the d Tanabe-Sugano
diagram (Figure 18) it is clear that any transitions in this
spectrum between 14 000 and 25 000cm  ^ are of triplet
parentage, but the assignments of the excited states
responsible for the two intense spin-forbidden bands in
ferromagnetic compounds is difficult.
83Day and others studied the temperature-variation of the
optical properties of ferromagnetic K^CrCl^ which exhibits two
intense spin-forbidden bands at‘15 900 and 18 700cm- .^ At
4.2°K, they observed that the intensities of the bands all
but disappeared. The band at .15 900cm"^ collapsed to an
extremely narrow line at 15 892cm  ^ together with another
slightly broader line at 16 0 6 2 c m " T h e  band at 15 700cm"^
became a narrow doublet, centred at 18 762cm"\ with a
splitting of 21cm.^ As the temperature was raised, all the
narrow lines increased in intensity, and further lines
appeared at 16 215cm  ^ and 18*690cm  ^when the temperature
reached about 23°K. At liquid nitrogen temperature all the
lines coalesced into the band envelopes seen at room
temperature. Energies of the sharp lines in K^CrCl^ remained
invariant up to 78°K, an observation which was also
consistent with absorption by the hot band mechanism. They
5 3 3assigned the two bands to the transitions E — f E (H) and
84
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5 3 3and E — * A ( G) in octahedral (cubic) symmetry. If the 
9 y
lower than cubic symmetry states are insensitive to 
distortions in the ligand field, and with the assumption
that the sign of the tetragonal distortion is such that
5 5the B^ component of the E g (0 ^) ground state lies lowest,
the two tetragonal components of the excited 0 ^ triplet states
listed above would be of (^H) and ^B, of (a^F).lg 9 1 9 2 g v '
65Similar behaviour has been observed by Bellitto and Day
in methylammonium and ethylammonium tetrachlorochromates(II), and
in the compounds prepared in this work. However, since the
reflectance spectra of K^CrCl^ and other ferromagnetic
chromium(II) compounds resemble the spectra of ferromagnetic
compounds prepared in this work the same assignments can be
made for the two very sharp spin-forbidden bands exhibited
by the methyl and ethylammonium compounds.
The solution spectra of the. compounds [nrC^H^NH^^ [pr B r 4 3
and[2-c i2H25NH3]2 [crBr4] in ethanol did not show any spin-
forbidden bands. There was one broad and asymmetrical band at
12 050cm  ^ (£=29 dm^ mole  ^ cm .^), a weak band at 21 275cm J
and a very weak shoulder at 7 220cm  ^ in the spectrum of
n-Pentylammonium tetrabromochromate(II). In the second compound
similar bands were observed at 12 195cm ^(0 = 2 5 dm^ mole’'1 cm” 1);
a weak band at 21 505cm  ^and a very weak shoulder at 7 220cm ^
(Figure 19). The weak bands in both compounds near
- 1
2 1  0 0 0 cm are due to traces of chromium(III) species present 
in spite of the care employed to prevent oxidation. On 
deliberate oxidation these bands grow stronger with (£■= 33 
ande = 30 dm^ mole”  ^ cm’^) for the (crBr^ and
[n-c l2 H2 5 NH3] 2 rCrBr4] .salts respectively, and medium-intensity
-1 3 - 1 - 1bands appeared at 15 625cm (£ = 25 dm mole cm ) and at
86
3 -1 -115 750 (e = 23 dm mole cm ). The absence of the sharp
spin-forbidden bands indicates that the polymeric bromide-
bridged structures have been broken down in solution.
The bands at 12 000cm  ^ are assigned to spin-allowed E — *^2g
2 -transitions of solvated CrBr4 . The molar conductance of a 
10 solution of the compounds fcr B r 4 3
^ 1 2 * 2 2 ^ 2  & rBr43 in ethanol at 25°C are listed in Table 23. 
The value for the former compound indicates partial dissociation 
of bromide ions in solution.
Very few metal-ligand stretching vibrations have been
99reported for chromium(II) complexes. Clark and Williams
investigated the polymeric halide-bridged complex CrfpyJgClg
-1 -1to 200cm and assigned a band at 219cm to v(Cr-N) and
bands at 328cm  ^ and 303cm  ^ to v(Cr-Cl). Tabatabai^^^
re-recorded the spectrum of Cr(py)2Cl2 from 400-200cm”^
and found halogen-sensitive bands at different frequencies:
322, 281 and 215cm \  The band at 322 was assigned to
V(Cr-Cl) since it was absent from the spectrum of Cr(py)2Br2
which in that range had an intense, broad and asymmetric band
at 272cm \  and strong absorptions rising to a maximum at
200cm \  This suggested that v(Cr-N) was at 281cm  ^ in the
chloride, the absorption at 272cm  ^ for the bromide contained
superimposed v(Cr-N) and v(Cr-Br) absorptions and the band
near 200cm 1 corresponded to ^(N-Cr-N). These assignments
„ 28
have been confirmed by Larkworthy et ai. for the complexes
Cr(mepy)2X2 (where X=Cr or Br). They assigned vibrations
at 320 (3-mepy) and 332cm  ^ (4-mepy) to v(Cr-Cl), and near
280cm  ^ to v(Cr-N). One infra-red active v(Cr-N) vibration,
but two v(Cr-X) vibrations are expected for polymeric
octahedral structures. There were bands at 160 and lOOcrn”^
[Cr (3mepy)2Cl23 , and 158 and 80cm  ^ [cr (mepy) ^ ClJ which were
absent from the spectra of the corresponding bromides. Their
spectra, however, contained additional bands at 126cm ^
[Cr (mepy)2Br2] and 123cm-1 fcr (mepy These halogen
bands could correpond to long Cr-Cl stretching vibrations or
deformations of the short Cl-Cr-Cl system. This has been
61confirmed by Larkworthy and’Yavari from the investigations 
of chlorochromates (II) . Complexes such as A2[CrCl4 (0H2 )^ ]
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(A=Rb, Cs or NH^) are isomorphous with the corresponding
copper(II) compounds. The anions [cuCl^ (OH^) 2I have
trans structures with Cu-0 bond lengths of ca.2.55A°,
and ’short’ and ’long’ Cu-Cl bo.nd lengths of ca.2.3 and 3.0A° 
k7
respectively. The isomorphous chromium(II) complexes
therefore also contain short and long Cr-Cl bonds. In the 
spectra of hydrates the bands ca.450 and 240cm  ^were 
assigned to v(Cr-0) and cf(Cr-O) vibrations. The strong 
band at 325 or 335cm  ^was assigned to a short v (Cr-Cl) 
vibration. Absorptions due to stretching vibrations of the 
long Cr-Cl bonds and deformations of the short Cr-Cl bQnds 
are presumably expected in the 130-180cm  ^ region where they 
are found for the copper(II) complexes.
There is little data available for comparison of
terminal v (M-X) with bridging V (M-X) frequencies, but the
latter are usually assumed to be at lower frequencies^’1'
102On the contrary, it has been found that in Mfpy^X^ 
complexes generally v (M-X) terminal vibrations are usually 
in the same region as y(M-X) bridging vibrations. Therefore 
chromium(II) would be expected to have v(Cr-X) stretching 
vibrations within the ranges found by Larkworthy et al. for 
the Cr(mepy)2X2 complexes.
29Larkworthy and Richardson have investigated the far 
infra-red spectra of a series of monomeric urea and polymeric 
thiourea complexes of chromium(II) halides. They found 
medium bands at 315 and 321cm  ^ for CrCl^.4 urea and 
CrCl^.^ me-urea, but these were unlikely to be due to ’short’ 
Cr-Cl bends because bromides exhibit a band nearby at 328cm 
R i c h a r d s o n a s s i g n e d  the strong bands found at 320 and 315cm
in the spectra of the complexes CrClg.2tu, CrCl2 .2etu and 
CrCl2 .2dtu respectively to v(cr-Cl). Analogous bromide 
complexes showed no halogen-sensitive bands in 240-290cm  ^
range due to v(Cr-Br). It was thought that the bands were 
beneath the strong bands present in all the complexes 
between 200 and 240cm \  This, however, would place the 
v(Cr-Br) assignment at unusually low frequencies. The 
halogen-sensitive bands observed below 2 0 0 cm”  ^ have been 
assigned to rlocalised lattice modes1. However, they found 
some difficulty in the assignment of v (Cr-Br) bands in 
thiourea complexes because of the interference of either
ligand or (Cr-S) bands.
/* ^
Adams and bock investigated the far infra-red spectra
of halocuprates (II) of the type jCuX^]2” , |tu2X^] 2” , CsCuX^
and [cuCl^ (OH^ )21 (where M=Rb, NH^, or K and X=Cl,Br).
They assigned the bands in the region 322-368cm”  ^ and
168-278cm  ^ to v(Cu-Cl) and v(Cu-Br) respectively. Complexes
of the type jjRNH^ ] 2 E^ClJ > (R=Me,Et) were considered to
contain square planar [cuClJ ions for which one v(Cu-Cl)
mode should be infra-red active. They observed only one
v(Cu-Cl) band at 284 and 279cm  ^for the methyl and
ethylammonium salts respectively and v (Cu-Br) bands at 227 and
219cm  ^ for the corresponding bromides. In the hydrates, the
absorption near 240cm  ^was deuterium-sensitive and they
assigned it to the J  (Cu-0H2 ) vibration. The halogen-sensitive
bands seen below 180cm  ^ have been considered to be
68
1 localised lattice modes1. Sabatini and Sacconi investigated 
the far infra-red spectra of tetrahalocuprates(II) of the type 
A2MX4 (A=Cs,Me4 N,Et4 N, X=C1 or Br) and assigned the bands in
the region 267-292cm  ^ to v (Cu-Cl) and between 216-224cm ^
10*t
to v(Cu-Br) vibrations. Recently, Battaglia et al.’ 
have investigated the far infra-red spectra of halocuprates(II) 
of the N-phenylpiperazinium cation, and assigned the band at 
300cm  ^ to v (Cu-Cl) in symmetry in (NPhpipzH^ fCuCl^"], and
at 220cm  ^ to v(Cu-Br) in symmetry in [NPhpipzH^ [CuBrJ .
Infra-red and far infra-red spectra of all compounds 
prepared in the present work were recorded on a Perkin Elmer 
577(Chapter 5) spectrophotometer. The far infra-red bands 
are given in Table 11 and Figures 20-27 . The spectra 
in the region 4000-600cm  ^ have not been reported because 
they show bands due to organic cations only. The strong 
bands observed between 280-325cm  ^ in the spectra of 
chlorochromates(II) can be assigned to v (Cr-Cl) stretching 
vibrations since these bands are close to the range assigned to 
other chlorochromates(II). The anilinium tetrachlorochromate(II) 
shows weak shoulders at 280cm  ^and 220cm \  while the other 
chlorochromates show less intense bands at lower frequencies 
in the range 215-265cm \  which are probably due to organic 
cations.
The strong bands observed between 230-260cm~^ in the 
case of the bromochromates(II) can be assigned to v(Cr-Br) 
stretching vibrations, n-pentylammonium-, and n-octylammonium 
tetrabromochromates(II) show weak shoulders at 235 and 240cm”'*' 
respectively. Less intense bands in the range 205-225cm  ^
are due to organic cations only. Guanidinium tetrabromo- 
chromate(II) diacetic acid shows one weak band at 225cm 
The spectra of the hydrated compounds , Qi^pipz] {crCl^ (0H2 ) J  
and [^ H2pipzJ2 |crBr^3-2H20 show a medium band at 300 and 270cm ^
102
respectively which is assigned to the short v(Cr-Cl) and 
v(Cr-Br) vibrations. The medium bands at 250 and 225cm 
are ascribed to the <£(Cr-0) vibrations. Similar assignments 
have been made for the hydrated copper(II) compounds.
There is a strong broad band around 3 300cm  ^ and a strong 
band around 1 630cm in the spectra of the hydrated chromium(II) 
compounds which is due to the presence of water.
Structures and Single Crystal X-Ray Diffraction Studies.
Chromium(II) complexes are usually similar in structure 
to, or isomorphous with, the corresponding copper(II) compounds. 
Isomorphous compounds give almost identical X-ray powder 
patterns and visual inspection reveals that most of these 
patterns of corresponding pairs of these compounds are 
indistinguishable from each other. Unlike copper(II) 
compounds, the structures of which have been determined by 
single-crystal X-ray diffraction studies, no structural 
investigations have been carried out on the chromium(II) 
compounds because of their air-sensitive nature. Single­
crystal X-ray diffraction studies have been carried out 
on diethylenetriammonium pentachlorochromate(II) prepared 
as described in Chapter 2. This is one of several
halochromates (II which exhibit uncommon ferromagnetic
10 6behaviour. From its previously determined isomorphism 
with the analogous copper(II) complex of known structure, the 
chlorochromate is correctly formulated as [dienH^] [CrCl^JCl, 
(dien=diethylenetriamine=3azapentane-1,5-diamine), and this 
has been confirmed by the single crystal investigation. The 
crystals are almost colourless thin plates approximately 
0.5mm square and extremely air-sensitive. Single crystals
3-72
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Figure 28
were loaded into Lindemann capillaries as described in 
Chapter 2, but the crystallographic studies were carried 
out by Mr. G. P. Newell in the Department of Chemical 
Phys ics .
The crystals are orthorhombic with a=7.150, 
b=24.055 and c=7.344A°, z=4 and space group Pnma. Intensity 
data were collected on a Siemens four-circle diffractometer 
(AED) and reduced to /F/ values by the usual methods. No 
correction was made for absorption. The structure was 
solved by the heavy-atom method and refined by full-matrix 
least squares with anistropic thermal parameters applied to 
the chromium and chlorine atoms and isotropic parameters 
otherwise.
Structure: Like the copper(II) analogue the structure
consists of planar networks of bridged [CrCl^~Junits at b=0
and b=i, separated by diethylenetriammonium cations and
chlorine ions both lying on crystallographic mirror planes.
The square-planar [crCl^Junits occupy centr©symmetric sites,
and a tetragonally elongated octahedron is- completed around
each chromium ion by chlorine atoms of adjacent CrCl^ units.
The separation of the networks is 12.03A° in the b direction,
and the contact distance between the cations is approximately
3.6A°. Important bond lengths and angles are indicated on
the Figure 28. The bridging chlorine atom does not lie
equidistant between the chromium ions, and the bridging
angle is 162.3°; thus the Cr-Cr separation is 5.18A° along
the bridge and 5.13A° linearly which is close to the Cr-Cr
82separation in Cs^CrCl^. The latter also exhibits uncommon 
ferromagnetic behaviour and its crj/stal structure has been 
determined. It has the K^NiF^ structure in which two-
Figure 29
dimensional networks of planar [CrCl^2” units, bridged by 
four linear Cr-Cl-Cr bonds, are separated by double layers of 
caesium and chloride ions as shown in Figure 29- The six-fold 
co-ordination of the chromium(II) ion is completed by axial 
(non-bridging) chloride ions within the CsCl layers 2.399A°, 
but the planar Cr-Cl bond lengths are all 2.609A° i.e. 
octahedron is tetragonally compressed along its four-fold 
axis; the magnetic interaction is presumably not transmitted 
along this tetragonal axis, because non-bridging chloride 
ions lie along it, but along the symmetrical Cr-Cl-Cr 
bridges in which the Cr-Cr separation is 5.2A°, very close to 
that in substituted-ammonium salts. Further structural 
investigation is necessary but it seems that the magnitude of 
the metal-ion separation is critical for the development of 
ferromagnetic interaction over the favoured antiferromagnetic 
pathways that are more dependent on overlap as described by 
Ginsberg (Magnetism Section). In general, it is considered 
that. 90° bridges are necessary for ferromagnetic interaction 
to develop but although not linear, the bridging angles in 
this complex are far from right angles.
The compound anilinium tetrachlorochromate(II) is
isomorphous with the corresponding copper(II) compound
(Table 12). The crystal structure of the latter has been 
107determined. The structure consists of two-dimens ional net­
works of[cuCl^2~ units linked together through chlorine bonds.
2+The co-ordination around the Cu ion which is located on a 
centre of symmetry, is the normal tetragonally distorted 
octahedron. Apart from the small deviations from right 
angles in the^CuCl^ unit,,, the bond lengths also violate the
107
TABLE 12
[NPhH3 ] 2 [CUC14] [NPhHg] 2 [crCl4]
®hkl 
(degree)
^ k l
(A°)
I 9hkl 
(degree )
dhkl
(A°)
I
5.85 7.50 s 5.85 7.50 s
9.83 4.50 vs 9.83 4.50 s
12.01 3.70 s 12.34 3.60 s
13.10 3.40 m 12.65 3.51 m
13.51 3.31 m 13.52 3.30 m
14.85 3.02 s 14.85 3.00 s
15.94 2.80 w 15 .94 2.81 w
16.24 2 .75 w 16.20 2.73 w
17.23 2.60 s 17.23 2.60 w
17.93 2.51 w 17.55 2.55 s
18.72 2.41 w 18.72 2.40 w
19.54 2.32 m 19.54 2.32 w
19.73 2.28 w 19.60 2.30 m
22.05 2.10 m 22.05 2.10 m
23.92 2.05 w 23.92 2.05 w
24.61 1.85 vw 24.61 1.85 vw
27.83 1.65 vw 27.83 1.65 vw
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TABLE 13
[i^ h J J c u c i J [ m t 3n]2 [Crcij
Ghkl 
[degree)
^ k l  
(A°)
I 9hkl 
(degree)
dhkl 
(A°)
I
9.22 4.80 m 10.54 4.20 vs
9.84 4.50 vs 11.35 3.90 vs
11.70 3.80 vw 12.71 3.50 vs
12.34 3.60 vw 16.55 2.70 s
13.51 3.30 m 17.55 2.55 s
15.41 2.90 s 18.54 2.42 in
16.25 2.75 m 19.13 2.35 w
16.40 2.73 m 21.01 2.15 vw
17.60 2.55 w 21.62 2.09 w
18.72 2.40 m 25.63 1.78 m
19.13 2.35 w 26.12 1.75 w
21.01 2.15 w 29.20 1.58 w
21.84 2.07 m 29.81 1.55 w
regular symmetry. The bridging chlorine does not lie
equidistant between the copper ions, and the bridging angle 
is 164.38°. The other bond angles are approximately equal 
to 90°, and the Cu-Cu separation is 5.21A°. so that the 
structure is very like that of the diethylenetriammonium salts. 
Comparison of the powder photographs of triethylammonium 
tetrachlorochromate(II) and triethylammoniun tetrachloro- 
cuprate(II) shows that the two compounds are not isomorphous
108
(Table 13). The structure of the latter has been determined.
The [CuCl^P ion has a squashed tetrahedral structure with 
Cl-Cu-Cl bond angles equal to 135 and 98°. There is a N-H....C1 
hydrogen bond between the tetrahalocuprate(II) anion and the 
organic cation (N. ...Cl=3.11A°). The structure has been 
re-determined by Brasseur and Dideberg1"0 '^ with essentially 
similar results.
Single crystals of 1,3propanediammonium, ethylammonium, 
and dimethylammonium tetrachlorochromates(II), and of anilinium 
tetrachlorodiaquochromate(II) have been prepared, and 
crystallographic work on these compounds is in progress. The 
crystal structures of the analogous copper(II) compounds have 
not been reported. Attempts to record powder photographs 
of piperazinium tetrachlorodiaquachromate(II), piperazinium 
tetrachlorochromate (II) , jl^pipz^ [crBrJ-BHgO an(3 bis 
(piperazinium) hexabromochromate (II) were unsuccessful as no 
lines appeared on the film with Cu, Co, or Cr radiation. 
Aluminium foil was placed beside the film to prevent any 
blackening through fluorescent effects, but no lines were 
obtained. In all anhydrous chromium(II) compounds whose 
structures have been determined so far, the chromium(II) ion.. 
is six co-ordinate through chloride-bridging.
CHAPTER THREE 
COMPLEXES OF CHROMIUM(II) 
AND IRON(II) WITH 
HEXAMETHYLPHOS PHORAMIDE
Introduction
Hexamethylphosphoramide forms complexes of unusual 
stereochemistry and properties. Many cationic complexes 
of this ligand are known. Donoghue and Drago'l''5'^ *"'L'1"2 
reported the preparation, spectral, and magnetic properties
of the following compounds:
A e f i B -M
1. C o (C104 )2 .4HMPA 4.58
2. Ni (C104 ) 2 . 4HMPA 4.02
3. Zn (C104 ) 2 . 4HMPA -
4. Fe (C104 ) 2 . 4HMPA 5.19
5. Cu (C104 )2 .4HMPA 2.07
6. Mn (C104 )2 .4HMPA 5.24
7. Mg (C104 ) 2 . 4HMPA -
8. C a (C104 ) 2 . 4HMPA
9. Ba(C104 )2 .4HMPA -
10. AgC104 .HMPA -
11. AgC104 .2HMPA -
12. Pb(C104 )2 .2HMPA -
13. A1 (C104 ) 3 . 4HMPA -
14. Fe (C104 ) 3 . 6HMPA 6.25
15. Cr (C104 )3 .6HMPA 3.85
16. C oC12 .2HMPA 4.72
17. CoBr2 .2HMPA 4.88
18. CoI2 .2HMPA 4.91
19. Co(NCS)2 .2HMPA 4.66
20. Co(N03 )2 .2HMPA 4.52
21. NiCl2 .2HMPA 4.03
22. NiBr2 .2HMPA
23. Nil2 .2HMPA
24. Ni (NC>3 )2 *2HMPA
4.00
3.98
3.47
The complexes from 1 to 15 were prepared by treating
the appropriate hydrated metal perchlorate with 2 ,2 -dimeth-
oxypropane at 65°C for two hours. An excess of hexamethyl-
phosphoramide was added to the resulting solution. Excess
ether was employed to cause precipitation. The complexes
from 16 to 24 were prepared by heating the anhydrous metal
halide, nitrate or thiocyanate in a mixture of acetone and
hexamethylphosphoramide. Low boiling petroleum ether was
employed to cause precipitation. The complexes of the type
M(CIO^)2 .4HMPA (where M=Ni,Co,Zn,Ca,Mg,Ba,Mn,Fe) and
A1(C10^ )3 .4HMPA were shown to be tetrahedral. Conductance
measurements in CH3 NC>2 established the formulation of the
compounds as (HMPA)^] (CIO^)2 . In certain cases, the
conductivity data showed that the formation of these compounds
as complex cations with unco-ordinated anions was justified.
Similarity of the spectra of [Ni(HMPA4J2+ and [F e( HMPA)2+
2 “  2-
to those of NiCl. and FeCl. established tetrahedral structures.4 4
The effective magnetic moments (3.60 and 5.19 B.M. respectively)
for the nickel(II) and iron(II) compounds were in the ranges
1 1 3 114
predicted by Figgis' and Gill for nickel(II) and iron(II) 
in tetrahedral surroundings. The magnetic moments of the 
compounds showed a small orbital contribution which would be 
expected to be temperature-dependent for tetrahedral nickel'(.II) . . 
The infra-red spectra indicated co-ordination of the ligand 
through oxygen in all cases, and the absence of characteristic 
water vibrations. The X-ray powder patterns showed M(CIO^)2 .4HMPA,
where M=Mn,Fe,Co,Ni,Zn to be isomorphous, and therefore 
the cations are tetrahedral.
Spectral data on the iron(III) and chromium(III) compounds 
indicated an octahedral configuration for the [m (HMPA)^]^+ 
ions .
The compounds 16 to 24 were shown to be pseudo-tetrahedral 
In these complexes the anions from the original metal salts 
remain co-ordinated. Conductance measurements in nitromethane 
showed that the complexes were all non-electrolytes and like 
the infra-red data, indicated monomeric structures. It was 
shown that the compounds CoX2 -2HMPA (where X=C1,Br,I,NCS,NO^) 
contained cobalt(II) in pseudo-tetrahedral(C^v ) environments 
and the compounds NiX2 .2HMPA (where X=Cl,Br,I) contained 
nickel(II) in the same geometrical arrangement. C u ( N O ^ ^ *2HMPA 
was thought to be a planar complex while nickel(II) in 
Ni (NC>2 )2 *2HMPA probably experienced a pseudo-tetrahedral 
ligand field.
115'
Schafer and Curran prepared a number of complexes 
CdX2 .2HMPA (X=Br,I),Co(NCO)^ 2HMPA and Zn(NC0)2 .2HMPA 
(where X=C1,Br,I,NCS) and ZnX2 »2HMPA (where X=C1, Br , I , NCS) by 
the same preparative procedures as Donoghue and Drago. They 
found that the electric dipole moments of these compounds in 
benzene or dioxane increased from chlorides to iodides, 
corresponding to the order of increasing polarizability. The 
complexes of cobalt and zinc containing the NCO group appeared 
to be isocyanates. The P-O-M bond angle in hexamethylphos- 
phoramide complexes was appreciably less than 108°. The 
order of dipole moments of corresponding complexes was 
Co>Zn>Cd.
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Bagnall et al'. prepared the complexes MC 1^.2HMPA 
(M=Th,U), ThBr^.3HMPA and UBr^.2HMPA by dissolving metal
tetrachlorides or bromides in acetone followed by 
addition of an excess of hexamethylphosphoramide. 2-Methyl- 
butane was added to cause precipitation. The complexes were 
recrystallised from methyl cyanide. Conductance measurements 
showed that only ThBr^.3HMPA forms conducting solutions. 
Thermogravimetric analysis showed that thermal decomposition 
of ThBr^.3HMPA yielded ThBr^.2HMPA above 150°, which like 
UBr4 -2HMPA, sublimed above 250°. Ebullioscopic determination 
of the molecular weight gave values which were in good agreement 
with formula weights. They also observed large shifts in 
phosphoryl stretching vibrations which were ascribed to a
large decrease in p -d bonding. Magnetic measurements on
71 7\
UC1^.4HMPA showed that the complex exhibited temperature in­
dependent paramagnetism over the range 98-305°K. UBr^.4HMPA
117gave large value of 9. Pneumaticakis prepared complexes
of yttrium and rare earth nitrates of the type [m(HMPA)^(NO^)^jBPh^
(M=Y,La,Pr ,Nd,Sm,Eu,Gd,Tb,Dy,Ho,Er ,Tm, Yb,Lu) by reacting dilute'
alcoholic solutions of yttrium and rare earth nitrates with
alcoholic solutions of HMPA. The cations could also be
isolated as nitrates from very concentrated solutions. The
compounds were soluble in organic solvents and decomposed by
water. The compounds showed moderately high thermal stability
and melted without decomposition. Conductance data showed
that they behave as 1:1 electrolytes in nitromethane. Infra-red
spectra showed that the phosphoryl stretching frequency was
lowered by about 13cm  ^ from the values of the free HMPA, and
indicated absence of water or ethanol.
118-119
Donoghue et al.' reported cationic lanthanide
complexes of the type Ln (CIO^)^.6 HMPA and LnCl3 *3HMPA (Ln=Sc,
Y,La,Ce,Pr,Nd,Pm,Sm,Eu,Gd,Tb,Dy,Ho,Er,Tm,Yb andLu). The
perchlorates were prepared from rare earth chlorides by
metathesis with silver perchlorate. The rare earth
chlorides in ethanol was treated with anhydrous silver
perchlorate in ethanol. The silver chloride precipitate
which formed was filtered off and the filtrate was treated
with hexamethylphosphoramide. Some precipitate formed
immediately, but precipitation was completed by adding ether.
The chlorides were prepared by treating rare earth chlorides
in ethanol with hexamethylphosphoramide. Precipitation was
caused by adding anhydrous ether. The lanthanides exhibited
the unusual co-ordination number of six in these compounds.
Results also indicated that the ligand was co-ordinated via
its phosphoryloxygen atom. The decreases in phosphoryl
stretching frequency of HMPA on co-ordination were not large
being of the order of 15cm- Conductivities in nitromethane
showed that the complexes were ion-ionic and the values were
appropriate for 1:3 electrolytes. Mikheeva et al?-2 0 prepared
rare earth complexes of the type LnBr3 .4HMPA by dissolving
the anhydrous rare earth bromide in ethanol to which
hexamethylphosphoramide was added. Absolute ether was added
to cause precipitation. The complexes were soluble in
alcohol and water, but insoluble in ether and benzene. The
ligand was co-ordinated through the oxygen of the phosphoryl
121group. Sylvanovich and Madan prepared complexes of the 
type M(HMPA)3 (N03 )3 (M=La,Nd) , M2 (HMPA)? (NC>3 )6 (M=Sm,Gd) and 
M(HMPA)4 (N03 )3 (M~Dy,Er,Yb) by treating the hydrated lanthanide 
nitrate with hexamethylphosphoramide. The complexes showed 
co-ordination through oxygen. Conductance measurements in
nitromethane suggested 1 : 1 electrolytes.
122Majumdar, Bhattacharya and Bera prepared Uranium(VI)
and uranium(IV) complexes of the type UO^X^.BHMPA (X=C1,
Br,N03 ,NCS), U02 (NCS ) 2 . 3HMPA, |jJ02 (HMPA) ^  (CIO )2 and
UC1^.2HMPA from dry acetonitrile. All the uranyl(IV)
compounds were w e a k l y  diamagnetic but, after the diamagnetic
2 +correction for the ligand atoms, the U0 2 ion in all the
cases was found to be weakly paramagnetic. The compound
UC1 2 HMPA had an effective magnetic moment of 1.97B.M.
123Dorschner J prepared complexes of niobium(V) and 
tantalum(V) chlorides and oxychlorides of the type 
TaCl5 .HMPA and M0C13 .2HMPA (M=Nb,Ta) . TaCl5 -HMPA was 
crystallised by dissolving TaCl^ in acetonitrile-dichloro- 
methane mixture and adding to HMPA at room temperature. 
Complexes of the type M0C13 .2HMPA, where M=Nb and Ta, were 
found to be isomorphous. Considerable shifts were observed 
in phosphoryl stretching frequency in TaCl^.HMPA due to 
decrease in the phosphorus-oxygen bond order as a result 
of co-ordination. The shifts were much lower in Nb0Clo.2HMPA 
and TaOCl3 .2HMPA since these chlorides were less electrophilie 
than the pentachlorides.
AIM OF WORK
Hexamethylphosphoramide forms tetrahedral complexes 
with metal ions which are more commonly found in 
octahedral environments. No complexes of this ligand with 
chromium(II) were known and attempts were made to synthesise 
these in the hope that the first tetrahedral chromium(II) 
complexes would be obtained. Iron(II) complexes were also 
to be synthesised as they were.almost certain to be 
tetrahedral, and so suitable for comparisons of powder 
photographs with the chromium(II) complexes. In addition, 
Mossbauer parameters of few tetrahedral iron(II) complexes 
have been recorded.
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Expe r ime nt al
(1) CrCl2 .2HMPA
Chromium(II) chloride tetrahydrate (6 g.) was heated
for two hours at 60°C with stirring with an excess of
3
2,2-dimethoxypropane(50cm ) to remove the water. The light
green solution was concentrated to “/« volume and treatedo
3
with an excess of hexamethylphosphoramide(15cm ), whereupon 
the solution turned blue. The solution was stirred for a 
further two hours, and five volumes of anhydrous ether 
added to crystallise the light violet product which was 
filtered off, washed with a large quantity of anhydrous 
ether to remove traces of HMPA and dried in vacuo for two 
hours. The dry compound turned green in five minutes in 
air.
Calculated for CrCl2 .2P0 [n(CH3 ) ] : Cr,10.80; Cl,14.74;
C ,29.91; H,7.47; N,17.45%
Found : Cr,11.12; Cl,14.45;
C ,30.13; H, 7.80; N, 17.22%
(2) CrBr2 .2HMPA
Chromium(II) bromide hexahydrate(5g.) was dehydrated
3with an excess of 2,2-dimethoxypropane(40cm ) as in (1).
The light green solution was concentrated to volume,3
3
and treated with an excess of hexamethylphosphoramide(15cm ), 
whereupon it turned light blue. A crystalline light blue 
solid was then obtained as in (1). It turned green in ten 
minutes in air.
Calculated for CrBr2 .2P0[n(CH2 )2]2 : Cr,9.1; Br,28.02;
C, 25.25; H, 6.31; N, 14.73%
Found: C r , 9.3; Br, 27.91;
C , 25,50 ; H, 6 .56; N, 15.07%
(3) Cr(BF4 )2 .4HMPA
(a) Cr(BF4 )2 .6H20
An excess of chromium(2.56g.) was added to
33.9cm of concentrated fluoroboric acid (40% by weight 
3HBF^) and 15cm of water, and the mixture heated at 
60-80°C. After four hours the reaction had ceased, and 
the deep blue solution was allowed to cool, then filtered 
to remove excess of chromium. The deep blue solution was 
then concentrated under reduced pressure. In the later 
stages of evaporation the water was very difficult to 
remove, and three hours of heating under vacuum at 75-80°C 
produced a sky blue dry product.
(b) complex
Chromium(II) tetrafluoroborate hexahydrate(3.27g. )
3
was treated with 2,2-dimethoxypropane(25cm ) , as in (1).
The light green solution was concentrated and treated with
3
an excess of hexamethylphosphoramide(10cm ) as before. The
deep green solution obtained was stirred for two hours and
3a large amount (approximately 150cm ) of anhydrous ether was 
added but no solid appeared. Some solid separated after 
about two hours and the suspension was left for 48 hours 
with occasional shaking to allow the solid to separate 
completely. After filtration etc as in (1), the product 
was obtained a fine pale green powder which turned deep 
green in two minutes in air.
Calculated for Cr (BF4 )2 . 4P0 [n(CH3 )2] : Cr,5.51; F,16.12;
C ,30.58 ; H,7.63; N,17.82%
C ,29.77; H,7.68; N,17.47%
Found: Cr,5.96; F,16.29;
(4) FeBr2 .2HMPA
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Iron(II)bromide hexamethanolate was prepared by
treating iron wire (5g. ) with a mixture of concentrated
3 3hydrobromic acid AR(22.5cm ) and methanol(50cm ). The
reaction vessel was immersed in hot water to keep the
reaction going. The reaction was completed in 2-3 hours.
the greenish-grey solution was filtered into another
vessel and concentrated under vacuum at 100°C to give a
crystalline pale yellow solid which was heated for about
o 32 hours at 60 C with an excess of hexamethylphosphormide(15cm
3 ‘m  the presence of 2,2-dimethoxypropane(30cm ) to remove 
traces of water. The mixture was cooled, and cyrstallisation 
induced by the addition of a large excess of anhydrous ether. 
The product was a colourless solid which was filtered off, 
washed with a large quantity of ether and dried for two 
hours in vacuo. The dry compound turns brown in 15 minutes 
in air.
Calculated for FeBr2 . 2P0 £n(CH3 )2 ] 3 : Fe , 9.72; Br,27.86;
C,25.08; H ,6 .27; N, 14.63%
Found: Fe,9.80; Br,28.13;
C ,25.23; H,6.47; N,14.56%
(5) FeI2 .2HMPA
Iron(II) iodide hexamethanolate was prepared under
nitrogen by treating iron wire(5g.) with a mixture of
3 3concentrated hydriodic acid AR(30cm ) and methanol (50cm ).
The mixture was heated for three hours at 40°c. When the
reaction had ceased, the solution was filtered into
another vessel and concentrated in vacuo at 100°C to give
a crystalline deep red solid. The solid was treated with
3
an excess of hexamethylphosphoramide(15cm ) in 2 ,2 -dimethoxy-
3 opropane (12cm ) and the mixture slowly warmed to 60 C. The
light brown solution was cooled and shaken for 45 minutes.
Precipitation was induced by adding a large excess of ether.
The product was a light grey solid which was filtered off,
washed with a large quantity of anhydrous ether and dried
for two hours in vacuo. The dry compound turns brown in
1 0 minutes in air.
Calculated for Fel2 . 2P0 [n(CH3 )2] : Fe , 8.36; 1,38.01;
C ,21.55; H,5.38; N,12.57%
Found:Fe,8.42; 1,38.34;
C ,21.69; H,5.58; N,12.59%
(6 ) F e (BF4 )2 .4HMPA
Iron(II) tetrafluoroborate hexamethanolate was prepared 
by heating iron wire(6.72g.) for four hours at 50°C under
nitrogen with a mixture of fluoroboric acid (40% by weight
3 311.70cm ) and methanol(50cm ). When the reaction had been
completed, the colourless solution was filtered into
another vessel and concentrated under vacuum at 1 0 0 °C.
The solid obtained was treated with an excess of hexamethyl-
3 3phosphoramide(15cm ) dissolved 2,2-dimethoxypropane(30cm ),
and heated for one hour at 60°C. The light brown solution
was cooled and shaken for 50 minutes. On the addition of
a large excess of anhydrous ether a cream coloured solid
was obtained. This was filtered off, washed with a large
amount of anhydrous ether, and dried for three hours in_
vacuo. Careful washing is necessary to remove traces 
of HMPA. The dry compound turns brown in one hour in 
air.
Calculated for Fe (BF4 )2 . 4P0 [n(CH3 )J : Fe,5.90; F,16.06; 
C ,30.46 ; H, 7.60; N,17.75%
Found: Fe,5.89; F,16.29;
C ,30.24; H,7.80; N,17.55%
Other Preparative Studies
(1) Attempted Preparation of CrI2 .2HMPA
Solid Crl^, which had been previously dehydrated
with 2 ,2 -dimethoxypropane, was treated with an excess of
ligand in the same solvent. The solution turned deep
green and was stirred for two hours. Excess ether was
added to cause precipitation, but on shaking, two layers
formed. The lower layer containing the starting material
and ligand was run off and treated with acetone, but no
solid separated. Ether was added and a light green
solution was obtained but again no solid separated. The
3solution was concentrated to approximately 25cm under 
reduced pressure and its colour became deep green. DMF 
and then ether were added to induce precipitation, but two 
layers were obtained as described above.
The ligand in stoichiometric ratio in a minimum 
of acetone was added to Crl^. When anhydrous ether was 
added a light blue precipitate was obtained on shaking, but 
after some time, three layers, one of ether, a second of 
the precipitate, and the third of ligand were obtained 
indicating that co-ordination had not been achieved.
(2) FeCl2 .2HMPA
Iron(II) chloride tetrahydrate(5.Og.) was treated
3 3with ethanol(75cm ) and 2,2-dimethoxypropane(25cm ) in
the presence of iron wire which was previously washed
with concentrated hydrochloric acid, water and then with
ethanol for purification. The iron(II)chloride tetrahydrate
was left over iron wire overnight. The solution was heated
for two hours at 60°C with stirring to remove the water.
At the end of dehydration the solution was concentrated
to ^ v°lume and treated with an excess of hexamethylphos-
3 3phoramide(15cm ) in acetone(20cm ) whereupon the solution
turned light brown. The solution was stirred for a further
two hours, and five volumes of anhydrous ether was added to
induce crystallisation. On shaking the solution, no
solid separated. The solution was concentrated to volume
under reduced pressure and HCl gas was passed through for
one hour. On cooling, no crystals were obtained.
Discussion of Results 
Magnetism
(a) Chromium(II) compounds.
The magnetic data (Table 14 and Figures 30-32)
show that the chromium(II) compounds are high-spin and have
magnetic moments close to the spin-only value of 4.90B.M.
4
expected for magnetically dilute, high-spin d compounds 
except Cr(BF^J^-^HMPA which has magnetic moment slightly 
lower than the spin-only value. The reciprocals of 
magnetic susceptibilities decrease linearly with temperature 
down to liquid nitrogen temperatures.
(b) Iron(II) compounds.
The magnetic data (Table 15 and Figures 30-32) 
show that the iron(II) compounds are high-spin tetrahedral 
and have magnetic moments above the spin-only value of 
4.90B.M. which vary little with temperature. The reciprocals 
of magnetic susceptibilities decrease linearly with 
temperature down to liquid nitrogen temperatures. The 
magnetic moments are higher than the spin-only value when 'mixing 
in' of the first excited level by spin-orbit coupling is allowed 
for by the f o r m u l a , /<s , provided reasonable
assumptions are made for the values of > and A , of the order 
of -80 and 3000cm  ^respectively, giving jLl^ ^ - 5  .2B.M. The
magnetic moment of Fe(BF^)2 •4HMPA confirms the presence of a
6 5high-spin 3d electron configuration and suggests a E(in T^)
ground state. The values are in the .range 5.0 to 5.46 B.M.
114,125-126 
reported for tetrahedral iron.
Magnetic Results of Chromium ( II) and Iron(II) Complexes
Compound
CrCl2 .2HMPA
9=0
CrBr2 .2HMPA
0=5°
Cr (BF )2 •4HMPA
9=3
TABLE 14
T(°K) 10<X / W 3
295.5 10,150 0.985 4.89
265.5 11,423 0.875 4.92
230.5 13,036 0.766 4.90
197.4 15,129 0.660' 4.88
166.5 17,657 0.566 4.84
135 .3 22,541 0.443 4.93
104.0 29,233 0.342 4. 93
89.5 33,670 0.297 4.90
:ion=-283xl0 c.g.s . units)
295.5 10,594 0.943 5 * 00
265.5 12,018 0.832 5.05
229.5 13,792 0.725 5.03
197.5 16,008 0.624 5.02
166.5 18,977 0.526 5.02
130.0 23,558 0.424 4.96
102.5 30,047 0.332 4.96
83.5 35,152 0.284 4.84
,on=-304xl0 -6 c.g.s. units)
295.5 9,590 1 . 0 0 4.76
265.5 10,270 0.973 4.66
229.5 11,948 0.836 4.69
197.5 13,688 0. 730 4.64
166 .5 16,322 0.612 4.66
135.3 19,864 0.503 4.63
104.0 25,377 0.394 4.59
89.5 29,027 0.344 4.55
on=-537xl0 -6 c.g.s. units)
TABLE 15
Compound
FeBr2 .2HMPA
0=0
Fel2 . 2HMPA
T(°K) io6xa "I
10 * A /^eff(B 'M *
295.5 12,223 0.818 5.37
265.5 13.710 0.729 5 .39
229.5 15,611 0.640 5.35
197.5 18,079 0.553 5.34
166.5 21,491 0.465 5.34
135.3 26,513 0.377 5.35
104.0 34,317 0.291 5.34
89.5 39,871 
_ _ — 6
0.250 5.34
:tion=- 304x10 c.g.s. units )
295.5 12,408 0.805 5.41
265.5 13,773 0.740 5.40
229.5 15,814 0.632 5.38
197.5 18,284 0.546 5.37
166.5 21,522 0.464 5.35
135.3 26.524 0.377 5.35
104.0 33,859 0.295 5.30
89.5 39,275 0.254 5.30
0=5 o
-6(diamagnetic correction=-332xl0 c.g.s. units)
Fe(BF4 )2 .4HMPA 295.5 10,795 0.926 5.05
265.5 12,079 0.827 5.06
229.5 13,866 0.721 5.04
197.5 16,024 0.624 5.03
166.4 18,936 0.528 5.02
135.2 23,397 0.427 5.02
104.5 30,307 0.329 5.02
89.3 34,847 0.286 4.99
0=0
-6(diamagnetic correction=-537xl0 c.g.s. units)
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Reflectance Spectra
(a) Chromium(II) compounds
The reflectance spectra obtained at room and liquid
nitrogen temperatures are shown in Table 16 and Figures 32-33.
The spectra of all these compounds resemble those found for
tetragonally distorted chromium(II) compounds. As mentioned
previously, for a tetragonally-distorted chromium(II) complex,
three visible and near infra-red absorption bands are
expected corresponding to the spin-allowed transitions:
5 Blg“* 5 Alg, 5 Blg”> 5 B2g and 5 Blg-^5 Eg (Chapter 2 , Figure 77).
The complexes CrCl2 .2HMPA and CrBr2 -2HMPA exhibit a broad.
band in their spectra at 17 800 and 16 800cm  ^ respectively,
5 5which is assigned to the super imposition of the Big~* Bg 
5 5
and Big~> B2 g trans^‘ti°ns (the main band) , and a lower
frequency band at about 1 2 0 0 0 cm \  which is assigned to the
"*A^  transition (the distortion band). Cr (BF^ )2 • -4HMPA
has a strong band in its spectrum around 14 000cm""'1', which
5 5
is assigned to the Big~^  ^ig transitions,' and another strong
broad band at 2 1  0 0 0 cm \  which is assigned to the
5 5 5 5
superimposition of the Big~~^  Bg anc* l^g"~  ^ ^2 g transit i°ns •
This band was not present in the spectra of the halides.
It might have been due to chromium(III) impurity, but on
oxidation by air for 1 0 minutes it decreased in intensity, while
the band at 14 000cm  ^moved to 14 800cm-  ^ and intensified.
After overnight exposure the spectrum contained a strong 
sharp band a 
(Figure 35 ).
t 15 000cm  ^ and a weaker band at 22 000cm-^
(b) Iron(II) compounds
The reflectance spectra obtained at room and liquid 
nitrogen temperatures are shown in Table 16 and Figures 33-34.
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TABLE 16 
Reflectance Spectral Results 
Compound Absorption maxima(cm
R.T. L.N.T.
CrCl2 .2HMPA
CrBr2 .2HMPA
Cr(BF4 )2 .4HMPA
FeBr2 .2HMPA
FeI .2HMPA
F e(BF4 )2 .4HMPA
25 2 0 0 vw 25 2 0 0 vw
17 800 s 17 800 s
1 2 0 0 0 s vb 1 2 0 0 0 s vb
16 800 s vb 17 400 m
12 0 0 0 m 15 500 w sh
1 2 2 0 0 m
2 1 0 0 0 s vb 2 1 300 s vb
14 0 0 0 s vb 14 300 s vb
28 500 s 28 600 s
26 700 w 26 700 w
25 300 m 25 400 m
2 2 800 w 23 600 w
2 1 700 vw 2 2 800 w
2 0 500 vw 2 1 600 w
18 900 vw 2 0 800 w
18 0 0 0 vw sh 18 600 w
16 500 w 18 2 0 0 w
14 500 w sh 16 500 m
6 0 0 0 vs 14 400 m
5 500 vs
28 0 0 0 s 28 0 0 0 s
24 900 m 25 0 0 0 m
23 300 vw 23 500 w
2 1 1 0 0 m 2 1 1 0 0 s
19 400 w 19 400 m
18 0 0 0 vw 18 0 0 0 w
16 2 0 0 m 16 300 s
14 300 w 14 1 0 0 m
6 2 0 0 s vb 5 500 vs
6 800 s vb 2 1 400 vw
18 900 vw
17 0 0 0 vw
7 250 s vb
J L J . 5
Figure ^ 2
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and they resemble those found for other tetrahedral complexes
of iron(II). Under the influence of a ligand field of 
5
symmetry the D free ion ground term of iron(II) splits
5 5into two levels E and T 2 with the orbital doublet lying 
lower in energy. Thus the electronic spectrum of a 
tetrahedral iron(II) complex should consist, to a first 
approximation, of a single spin-allowed band the
energy of which will depend only upon the value of A  . For 
tetrahedral icon (II) , the values of A  in the range 3 000- 
6 0 0 0 cm  ^would be expected, and therefore the electronic 
transition would be observed in the near infra-red region.
The spectra of all the compounds have a strong band at around 
6 0 0 0 cm  ^ and many spin-forbidden bands in the visible region. 
The intensities of the spin-forbidden bands increase from 
bromide to iodide.
Infra-red Spectra
The infra-red absorption frequencies of the phosphoryl
group in the free ligand and its complexes are contained in
Table 17. The complexes have very similar spectra, and the
spectra definitely indicate absence of water. The reduction
- 1
of the P=0 stretching frequencies by about 12cm as compared 
with the value (1 2 0 0 cm in the free ligand supports the 
contention that complex formation occurs through oxygen. This 
small reduction can be accounted for if we assume that
(a) in the absence of any effect on the P-0 bond due to 
co-ordination, the P-0 stretching frequency ought to be raised 
by coupling with the M - 0 bond;
(b) the inductive effect of co-ordination will strengthen 
the P-Oo- bond but weaken the P-0 ft bond; and
(c) since the P-0 frequency is experimentally found to 
be lowered, the inductive effect on the P-O^ bond is the 
predominating feature.
The same trend has been observed in many other complexes of 
hexamethylphosphoramide. The spectra of Cr(BF^)2 •4HMPA and 
Fe(BF^)^ •4HMPA show that ionic BF^ is present because 
there are unsplit bands at 1050(v^) and 550 (V^), and 1050(V^)
/ x - 1  12?and 520(y4 )cm respectively. Greenwood assigned bands
s'
at 530 and 1042cm to an<^  ^ 4  respectively of the tetrahedral
. . 128 
BF^ ion. Similar assignments have been made by Quist et al.
for bands at 1070 and 533cm The spectra do not show at
-1 -1about 765cm . The ligand shows a strong band at 745cm
which is present in the spectra of Fe(BF^)2 .4HMPA and 
Cr(BF4 )2 .4HMPA at 755cm”1.
Metal-oxygen and metal halide stretching vibrations have 
also been assigned.
TABLE 17
Infra-Red Spectra of Chromium(II) and Iron(II) complexes of 
Hexamethylphosphoramide(cm
V(P=0) y(M-X)
1 .
2 .
3.
4.
5.
6 . 
7.
Hexamethylphosphoramide
CrCl^•2HMPA
CrBr2 .2HMPA
C r (BF4 )2 .4HMPA
FeBr2 .2HMPA
FeI2 .2HMPA
Fe(BF4 )2 .4HMPA
1200
1190
1190
1189
1191 
1188
1190
BF4 
V3 V4
M-0
330 vs 475 S
265 vs 470ss
1050,550 480 m 
240 m 480 m
480 s 
1050,520 480 s
Structures
The infra-red spectral data indicate that co-ordination 
with both metal ions studied has occurred through the oxygen 
atom of the ligand. The complexes CrCl^.SHMPA and CrB^.BHMPA 
are thought to be polymeric and six co-ordinate with chloride 
or bromide bridges as shown in Figure 36a while Cr(BF^)^•4HMPA 
has probably a structure in which the chromium atom is at the 
centre of a plane of four equidistant oxygen atoms, with the 
two BF~ groups in the trans positions possibly weakly 
co-ordinated (Figure 36b). Iron(II) compounds have tetrahedral 
structures. In the compounds FeBr^^HMPA and Fel^-SHMPA the 
iron atom is tetrahedrally co-ordinated by two oxygens and two 
..iodides or bromides while in the Fe (BF^)^ • 4HMPA, iron is 
tetrahedrally co-ordinated by four oxygens as shown in 
Figure 36c.
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Mossbauer Spectroscopy
Mossbauer spectroscopy involves nuclear transitions
which result from the recoil-free emission of Y  -rays by a
source followed by recoil-free absorption by the sample.
The conditions for absorption depend to a very slight extent.
upon the electron density about the nucleus, and the number
of peaks obtained in the Mossbauer spectrum is related to the
symmetry of the compound. As a result considerable structural
information can be obtained from Mossbauer spectra.
When it emits a gamma ray the source nucleus decays to
its ground state. The energies of the emitted Y -rays, Ey ,
have a range of 10 to lOOkev and are given by the equation(1)
= E + D - R (1)
where E is the difference in energy between the excited state
and ground state of the source nucleus; D, the Doppler shift,
is due to the translational motion of the nucleus; and R is
the recoil energy of the nucleus. The recoil energy is 
- 2 - 3generally 10 to 10 eV and is given by the equation 
R = E ^  /2mc^
where m = mass of nucleus and c = velocity of light.
The energy of a Y  -ray emitted from a nucleus moving in 
the same direction as the emitted ray is different from the 
energy of a Y  ~ray emitted from a nucleus moving in the 
opposite direction. The distribution of energies resulting 
from the translational motion of the source nuclei in many 
directions is referred to as Doppler broadening. If the 
dotted line in Figure 3la is taken as E, the energy 
difference between the nuclear ground and excited states of 
the source, then the breadth of the curve results from
Doppler broadening and the energy difference, R, between 
the dotted line and the average energy of the left hand 
curve is the recoil energy transmitted to the source 
nucleus when a Y -ray is amitted. As Figure 31&. shows, the 
effect of recoil is that only emitted Y -rays with energies 
corresponding to the region where the source and sample 
distribution curves overlap can undergo resonant re-absorption. 
However, with solid sources and samples, the energy of recoil R 
is taken up by the lattice (m^^in equation (1 )), and recoil-free 
emission and absorption take place.
If the source and absorber nuclei are in identical
surroundings, the absorption of the y  -rays occurs at zero 
relative velocity of source with respect to absorber as in 
Figure 37b . But a nucleus in chemical surroundings
different from those of the source does not absorb at the same
velocity, and some displacement from zero relative velocity will 
occur. The-;displacement is referred to as isomer shiftjS.
Source Sample
d n
E
Count
rate
0 +  veve
R e la tiv e  velocity
Figure 37a Figure'37b
It is normally adequate to consider an electron as being 
influenced by Coulombic interaction with a positively charged 
point nucleus. In this model, the decay of a nuclear excited 
state to a ground state causes no change on the coulombic 
interaction energy., However, the nucleus is a finite size. 
Using the appropriate relativistic equations for the electrons,
it may be seen that an s electron has a finite probability 
of being at the origin; i.e. it may be inside the nucleus.
The integrated electrostatic energy for an electron of 
charge-e moving in the field of a point nucleus of charge +Ze 
is given by:
E o= -Ze2 Y'y ' dT
° 4*feo J r
where = the permittivity of a vacuum
r = radial co-ordinate
dT = volume element
This equation over-estimates the interaction within the
nuclear radius R. It also fails to allow for the fact that the 
nucleus expands (or contracts) as it changes its energy state. 
The change in nuclear radius S R results in a difference in 
energy of:
A E  = 6(f+i)lrs (0)1 2ze2 / k z \ R 2e <Lb
e  ( 2 P + 1 )  ( 2 f + 3 ) P 2 ( 2 f  +  l )  \  H /  R
where f = J  [l-Z2 (e2/hc )2 1 , a .w L v ^ H = first Bohr radius
yys (0 )= non-relativistic Schroedinger wave-function at r=0.
If we compare two chemical environments A and S, and
assume that P^l, we can predict an energy difference of:
% - 7jz2 R2 <Tr  f  . . 2  . , 2  1
— jjTs(°h " [rs(°)sl j
S = chemical isomer shift
{iys ( o ) a |2 - iTs(°)sr} represents the difference in 
s-electron density at the nucleus between the nuclei A and S.
If S R/R is positive, a positive value of & implies that the
s-electron density at the nucleus in matrix A is greater than
in matrix S. A and S can be the absorber and source in a
Mossbauer experiment, or S can be a reference absorber to which 
A is compared. [Ys contains contributions from all the
occupied s-orbitals, Is, 2 s, 3s,...., but is obviously most
sensitive to change through the outer shells participating 
in chemical bonding.. Other electrons with p-, d-, and f- 
character do not have a direct interaction within the 
nucleus, but nevertheless have a significant indirect effect 
on cT by shielding the outer s-electrons. The magnitude and 
sign of the isomer shift is dependent on the differences of 
energy between the separations of the ground and excited 
levels in the absorber and source nuclei. If the source 
energy separation is larger than the energy separation 
of the absorber then the maximum T  -ray absorption will occur 
in the negative relative velocity region. When the energy 
separation of the absorber is larger, the spectrum will be 
at positive relative velocity.
QuadrupoleSplitting
A deviation from spherical symmetry in the charge
distribution of the atomic nucleus produces a quadrupole
moment. A non-spherically symmetrical charge distribution
of the electron shell results in an electric-field gradient which 
interacts
Awith the quadrupole moment of the nucleus .causing the splitting 
of the Mossbauer line. This phenomenon is called quadrupole 
splitting.
In the ground state the atomic nucleus of iron has a
spin of i and it has no quadrupole moment, so that the splitting
of the resonance line can only be due to the excited state
having a quadrupole moment. The spin of the excited state 
3
is } the projection of which on the direction of the
3 ifield gradient can be + and + 2 * Therefore the excited 
state splits into two energy levels. The magnitude of 
splitting depends on the quadrupole moment 6f the nucleus
(eQ) and on the electric field gradient (eq) according
to the following equation: i
AE = e2qQ
41 (21-1)
[j3m2-I (1+1)
where I = nuclear quantum number
m = magnetic quantum number 
^ = asymmetry parameter
Thus the magnitude of quadrupdLe splitting can serve as 
a measure of the inhomogenity of the electric field of a 
Mossbauer nucleus. The electric field at the nucleus is 
determined primarily by the electronic configuration of 
the atom and consquently by the nature of the bonding, and 
secondly by the symmetry of the crystal lattice (or of the 
molecular structure). The occurrence and the magnitude of 
quadrupdLe splitting are therefore of use for the study of 
chemical bonding or the symmetry of the compound.
Table 18 shows Mossbauer data of a number of iron(II) 
compounds with hexamethylphosphoramide. Highly ionic 
octahedral iron(II) ions have isomer shifts of about 
1.35mm/sec at 77°K. As the degree of covalency in the metal- 
ligand bond increases an increasing fraction of cr-electrodensity 
is transferred to the iron, causing a decrease in isomer shift. 
Isomer shifts in the range of 0.87-1.02mm sec  ^ have been found 
for tetrahedral iron(II) compounds^20’ The isomer shifts 
for these tetrahedral iron(II) complexes are to more positive 
values which is in accordance with the data available for 
ligands containing oxygen as the donor atom e.g. for Fe ( ^ 0 )^X2
1 po -J 01 _ 1
(X=C1 or Br ) they are 1.22mm sec
QuadrupdLe Splitting (AE)
Under the influence of a tetrahedral ligand field the
free-ion orbital states split into a lower doublet e ,
containing d ? and d o  o orbitals, and a higher triplet 
z x -y
t9 , containing d , d , and d . The energy separation w ■ x y y 2 zx
(lODq) between the e- and t2 levels is typically of the 
order of 6 0 0 0 cm  ^ in these compounds, which is lower 
than found in octahedrally co-ordinated iron(II). This 
splitting, however, is sufficiently large that we may 
ignore the effect of the population of the t9 . states 
when considering the electric field gradient. The quadrupole 
splitting values of the complexes are similar to that 
observed for CFeC14y  ion (2.61mm sec  ^ at 77°K), indicating 
a similar splitting of the ground state.
TABLE 18
Mossbauer Parameters For Iron.(II) Complexes of 
Hexamethylphosphoramide
- 1 *Isomer shift(mms ) Quadruple splitt
A E
1.289 2.884
0.951 2.559
1.395 2.627
Isomer shifts at 77^K with respect to natural iron.
Iron(III) impurities absent.
Compound
FeBr2 .2HMPA 
Fe I2 .2HMPA 
Fe(BF4 )2 .4HMPA
CHAPTER FOUR 
VANADIUM(II) COMPLEX BROMIDES
Introduction
The halide complexes of vanadium(II) have received 
scant attention, presumably because of the difficulty of
handling them and of obtaining the parent hydrated halides.
132Seifert and Ehrlich constructed phase diagrams of the
system MCl/VCl^(M=Na,K,orCs) from differential thermal
analysis data. They also reported the preparation of
K2 VCI4 by a solid state reaction at 645° and of CsVCl^ by
reacting Cs with VC12 . The compounds KVCl^ and CsVCl^
formed green hexagonal needles, probably isomorphous with
CsNiCl^o The compounds AVCl^ (^O)^ (A=NH4 or Rb),
CsV'Cl3 (H2 0)2 , and BVCl^ (B=Me4 N, Rb or Cs) have been
41 133partially characterised. * These compounds were
prepared by adding the appropriate halide or its salt to 
VC12 and evaporating in vacuo. The compound Me^NVCl^ was 
prepared by adding a concentrated ethanolic solution of 
tetramethylammonium chloride in a 1 : 1 molar ratio to a 
weakly acid ethanolic solution of VC12 . On cooling faintly 
yellow crystals were obtained. The complexes Me^NVCl^, 
and CsVCl^ had effective magnetic moments of 1.81, and 
1.47 B.M. at 196°K, and 1.30 and 0.98 B.M. at 82°K 
respectively.
134Larkworthy et al. reported the preparation, 
spectroscopic and magnetic properties of the compounds 
of the type AVC13 (H2 0 )6 (A=NH4 or Rb), NH4 VC13 (H2 0)3 , 
Cs2 VCl4 (H2 0)2 , and BVC13 (B=Me4N or Rb). These complexes 
were prepared from aqueous solutions of vanadium(II) 
chloride, and the appropriate univalent chloride. Lower 
hydrates were prepared by careful heating of more fully
hydrated compounds under reduced pressure. The hexahydrates 
had structures of the type a[v(H^O)^JCl^, containing 
hexa-aquovanadium(II) ions. Magnetically-dilute structures 
of the type NH4 [VC1 3 (H^O)3~) and Cs^ [Vci4 (H^O )2 3  were 
indicated by the lack of magnetic interaction in these 
compounds and by the moderate deviations from symmetry 
shown in their electronic spectra. The hydrated compounds 
had effective magnetic moments near the spin-only value 
of 3.87 B.M. and almost invariant with temperature as 
expected for the proposed mononuclear structures. The 
anhydrous compounds were markedly antiferromagnetic exhibiting 
effective magnetic moments well below the spin-only value 
at all temperatures studied, and their spectra contained 
more bands than expected from 0 ^ symmetry, but this was 
probably due to the presence of anomalously-intense, spin-
forbidden bands rather than to deviations from 0 ^ symmetry.
135Grey and Smith investigated the co-ordination isomerism 
in a number of compounds of the type AVC1^6H^O (A=Rb,NH4 ), 
and dihydrates CsVCl^j^H^O* They showed that the co-ordination 
entity in the rubidium and ammonium salts was Cv(H20)632+ 
whereas in the case of the caesium salt it was [vci^"]4"j 
with water being bound as hydrate water in the crystal 
lattice. In the latter instance the broadness and asymmetry 
of the spin-allowed absorption bands suggested that the 
symmetry was lower than octahedral. The hydrated compound 
Rb[v(OH2 ) ^ C l 3 was magnetically dilute and high-spin as it 
had effective magnetic moments close to the spin-only value 
of 3.87 B.M. which were invariant with temperature, 
whereas the anhydrous compound exhibited antiferromagnetism, 
showing effective magnetic moments of 1.02 and 1.85 B.M.
at 99°K and 300°K respectively.
136Seifert et al. prepared a number of fluorovanadates
some with mixed (II) and (III) oxidation states, V^Fj-.TI^O
and ; and others containing vanadium(II): KVF^, K^VF^
and (nh43 2 [vf4 (h2 0)2] . v2 f5 .7H20 was prepared from the
solution obtained on electrolytic reduction of V2 C>3
HF, and was shown to be isomorphous with Fe^F^. 7 ^ 0  and
the anhydrous compound was obtained on heating the hydrate
at 200°C in vacuo. The compound [NH^^ &F 4 (H2°^2} waS
prepared by adding a solution of VCl^^H^O to a cold
saturated NH^F solution; K^VF^ was obtained in an analogous
manner. The effective magnetic moments of the compounds
reported are as follows: .A eff(B-M.)
Compound 290K 196K 82K ©
V2 F5 .7H20 3.35 3.23 3.18 18°
V2 F5 2.89 2.71 2.30 -78°
KVF3 3.16 2.87 2.16 -240
The small reduction in magnetic moment of VoF,-.7Ho0
2 5 2
suggested that some minor antiferromagnetic interaction
was present whereas the anhydrous compounds exhibited strong
antiferromagnetic interactions within fluoride-bridged
structures (with large © values).
137Larkworthy et al. prepared a number of double 
sulphates of the type M 2 [V(H2 0)6”] (SC>4 )2 (M=NH4 , K, Rb, 
and Cs) and investigated the magnetic and spectroscopic 
properties. The compounds were prepared by mixing aqueous 
solutions of VS0 4 .6 H2 0 and the appropriate univalent sulphat 
and crystallising by adding methanol to the mixture. The 
effective magnetic moments of the compounds were a little 
below the spin-only value of (3.87 B.M.) and were invariant
with temperature. Electronic reflectance spectra at room 
temperature and liquid nitrogen temperature were consistent 
with vanadium(II) in 0^ symmetry.
AIM OF WORK
The aim of this section has been to extend the
knowledge of vanadium(II) chemistry, especially of
complex halides. Few magnetic data were available.
Therefore the preparation and investigation of
vanadium(II) complex bromides seemed necessary in order
to find out whether the strong ferromagnetic behaviour
4
was restricted to the d chromium(II) configuration or
3could occur with the d configuration as well.
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Experimental
All preparations and measurements were carried out 
under nitrogen or in vacuum using the apparatus described 
in Chapter 5 . The compounds were dried under continuous 
pumping.
(1) Anilinium Tetrabromovanadate(II)
Vanadium(II) bromide hexahydrate (2.30g. ) ,
3dissolved in absolute ethanol (2 0 cm ), was added to a
3
solution of anilinium bromide (2.42g.) in ethanol (30cm ).
The purple solution obtained was concentrated under
3 3vacuum until 25cm remained. 2,2-Dimethoxypropane (1 0 0 cm )
was added with shaking. Light-grey crystals separated
immediately from a light yellow solution. The crystals
were filtered off, washed with ethanol containing a small
amount of 2 ,2 -dimethoxypropane and dried for two hours at
room temperature, and at 120°C for a further eight hours
under vacuum. The greyish orange compound was very air-
sensitive and turned deep brown in 15 minutes in air.
Calculated for [NC^H^j^ [VBr J  : V, 9.12; Br, 57-22;
C, 26.6; H, 2.89; N, 5.06%.
Found: V, 8.81; Br, 57.69;
C, 26.2; H, 3.26; N, 3.69%.
(2) Ethylammonium Tetrabromovanadate(II)
Vanadium(II) bromide hexahydrate (1.93g.), dissolved 
3in ethanol (15cm ), was added to a solution of ethylammonium
3bromide (1.50g.) in ethanol (20cm ). The purple solution
3obtained was concentrated under vacuum until 1 0 cm remained.
3
2,2-Dimethoxypropane (100cm ) was added, with shaking.
Yellowish brown crystals separated immediately from a light 
yellow solution. The crystals were filtered off, washed 
with ethanol and dried as in (1). The grey compound 
turned to violet and finally to brown in 1 0 minutes in
C, 10.37; H, 3.45; N, 6.05%.
Found: V, 10.38; Br, 69.33;
C, 10.01; H, 3.80; N, 4.76%.
(3) Dimethylammonium Tetrabromovanadate(II)
Vanadium(II) bromide hexahydrate (2.82g.), dissolved
3
in ethanol (2 0 cm ), was added to a solution of 
dimethylammonium bromide (2.0g.) in ethanol. The purple
3
solution obtained was concentrated under vacuum until 15 cm
3
remained. 2,2-Dimethoxypropane (100cm ) was added with 
shaking. Light violet grystals separated immediately from 
a light yellow solution. The crystals were filtered off, 
washed with ethanol and dried as in (1). The khaki compound 
turned to deep brown in 1 0 minutes in air.
Calculated for [NC^Hg 7} 2 : V,11.01; Br, 69.09;
C, 10.37; H, 3.45; N, 6.05%.
Found: V, 11.24; Br, 69.40;
C, 10.34; H, 3.86; N, 5.70%.
(4) n- Octylammonium Tetrabromovanadate(II)
Vanadium(II) bromide hexahydrate (1.61g ), dissolved
3
in absolute ethanol (2 0 cm ), was added to a solution of
3
n-octylammonium bromide (2.08g.) in ethanol (25cm ). The
air
V, 11.01; Br, 69.09;
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purple solution obtained was concentrated under vacuum until
3 320cm remained. 2,2-Dimethoxypropane (100cm ) was added
with shaking. Light violet crystals separated immediately
from a light yellow solution. The crystals were filtered
off, washed with ethanol and dried as in (1). The pale grey
compound turned to brown in 15 minutes in air.
Calculated for . (CgH^NH^ 2 [VBrJ : V,8.07; Br, 50.68;
C, 30.45; H, 6.34; N, 4.44%.
Found: V, 7.78; Br, 50.31;
C, 29.09; H, 6.61; N, 3.92%.
(5) Bis(piperazinium) Hexabromovanadate(II)
Vanadium(II) bromide hexahydrate (4.15g.), dissolved
3
in 0.1M hydrobromic acid (20cm ), was added to a solution 
of piperazinium bromide (3.24g.) in 0.1M hydrobromic acid
3
(15cm ). The blue solution obtained was evaporated to 
dryness at 50°C by vacuum distillation to give a light 
yellow solid which was shaken with cold e t h y l  acetate, 
filtered off, washed with cold ethyl acetate and dried 
as in (1). The light yellow compound turned to brown in 
1 0 minutes in air.
Calculated for 2 [vBr^ : V, 7.17; Br, 67.48;
C, 15.72; H, 4.58; N, 9.17%.
Found: V, 6.49; Br, 66.96;
C, 15.14; H, 3.81; N, 8.53%.
(6 ) Guanidinium Tetrabromovanadate(II)
Vanadium(II) bromide hexahydrate (4.46g.),
3
dissolved in absolute ethanol (2 0 cm ), was added to a 
solution of guanidinium bromide (3.62g.) in ethanol (25cm )
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The purple solution obtained was concentrated under
3 3vacuum until 15cm remained. 2,2-Dimethoxypropane (100cm )
was added with shaking. Pale grey crystals separated
immediately from a light yellow solution. The crystals
were filtered off, washed with ethanol and dried as in (1 ).
The grey compound turns to brown in less than 5 minutes
in air.
Calculated for |c(NH2 )3J2 [vBrJ : V, 10.38; Br, 65.15;
C, 4.89; H, 2.44; N, 17.12%.
Found: V, 10.62; Br, 65.49;
C, 5.36; H, 3.40; N, 16.78%.
(7) Caesium Tribromovanadate(II)
Vanadium(II) bromide hexahydrate (5.46g.), dissolved
3
m  0.1M hydrobromic acid (20cm ), was added to a solution
3of caesium bromide (3.61g.) in 0.1M hydrobromic acid (25cm ). 
The blue solution obtained was evaporated to dryness at 50°C 
by vacuum distillation to give a light grey compound which 
was shaken with cold ethyl acetate, filtered off, washed 
with cold ethyl acetate, and dried as in (1). The light 
brown compound turned to brown in 2 0 minutes in air.
Calculated for CsVBr^: V, 12.02; Br, 56.59%.
Found: V, 12.26; Br, 56.71%.
(8 ) Caesium Tetrachlorovanadate(II)
Vanadium(II) chloride dihydrate (prepared by 
Dr. M. W. 0 ’Donoghue) (3.0g.) was dissolved in water (50cm ) 
containing a few drops of concentrated hydrochloric acid, 
and added to a solution of caesium chloride (6.38g.) in
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3water (30cm ). The purple solution obtained was concentrated 
to dryness at 80°C under vacuum. The green solid obtained 
was shaken with acetone, filtered off, washed with acetone 
and dried for 10 hours at 135°C under continuous pumping.
A pale violet compound was obtained which turned to brown in
15 minutes in air.
Calculated for Cs2 j v c i j  : V, 11.10; Cl, 30.92%.
Found : V, 11.39; Cl, 31.33%.
Other Preparative Studies
Attempts to prepare the compound^-c^-H^NH^J 2 fVBr^| 
using ethanol were unsuccessful. The analyses are as 
follows:
Calculated fr^C1^ 2 5 NH3] 2 [vBrJ : C, 38.78; H, 7.54; N, 3.77%.
Found : C, 32.37; H, 7.41; N, 2.96%.
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Results and Discussion 
Magnetism
When the F ground term of vanadium(II) is split
by the ligand field, an Ag term lies lowest, above it
lie the and terms. It has been shown that with the
2 g lg
A2 term lowest the absence of orbital degeneracy leads to
a magnetic moment near the spin-only value of 
eff
_ i
/tgff = L4S (S+ 1)J2B.M.=3.87B.M. for S=3.
However, since there is a T term of the same multiplicity
at higher energy, it is possible for spin-orbit coupling
to mix some of this into the ground term, so introducing
a certain amount of orbital angular momentum into the latter.
The reason for this is that, though a ligand field is able to
quench orbital angular momentum, it has no effect on spin
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angular momentum. Penney and Schlapp showed that by first
order perturbation spin-orbit interaction mixes some
character into the A 0 term and when this term lies lowest,
2 g ’
there is a correction factor for the moment of (1 - 4 *» ) .
So spin-orbit coupling should affect the moment according 
to the e q u a t i o n ^ -JULS Q (1 - 4 X ) , where q is the
spin-only moment, is the spin-orbit coupling constant, 
the free ion value of which is 57cm \  and is the 
separation between the ground level and the level being 
mixed in. Since A  is positive for the first half of the 
transition series, vanadium(II) complexes have their moments 
reduced slightly below the spin-only value.
The variations with temperature, in the range 90°-300°K, 
of the atomic susceptibilities, an<3 the effective
magnetic moments of the complexes are shown in
Tablesl9-20and Figures38-41. Anilinium, ethyl ammonium, and
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TABLE 19
Compound
CNphH3] 2 [vBr4]
(diamagnetic correction=-269xl0
jNEtHg] 2 [vBrJ
(diamagnetic correction=-2 2 0 xl0
(NMe2 H2][vBr4]
[=-c8 h1 7 nh,]
(diamagnetic correction=-2 2 0 xl0  
[vBrJ3J2
(diamagnetic correction=-362xl0
T(°K) lo6XA io' 2* ' 1 A>ff  ^
295.5 4,451 2.246 3.24
265.3 4,685 2. 134 3.15
229.5 5,018 1. 992 3.03
197.3 5,312 1.882 2.89
166.5 5,755 1.737 2.76
135.3 6,308 1.585 2.61
104.0 6,825 1.465 2.38
89.5 7,132 1.401 2.25
: ~■6 c . g . s . units)
295.5 4,144 2.412 3.12
265.5 4,475 2.234 3.08
229.5 4,828 2.071 2.97
197.4 5,195 1.924 2 . 8 6
166.5 5,706 1.752 2.75
135.3 6,441 1.552 2.64
104.0 7,312 1.367 2.46
89.5 7,888 1.267 2.37
=- 1 "■6 c . g . s . units)
295.3 2,336 4.280 2 .34
265.5 . 2,508 3.985 2.30
229.5 • 2,727 3 . 6 6 6 2.23
197.4 2,991 3.342 2.17
166.5 3,279 3.049 2.08
135.3 3,693 2.707 1.99
104.0 4,233 2.361 1.87
89.5 4,544 2 . 2 0 0 1.80.
1 "6 c . g.s . units)
295.5 4,163 2.401 3.13
265 .5 4,384 2.280 3.05
229.5 4,720 2.118 2.94
197.4 5,119 1.953 2.84
166.5 5,570 1.795 2.72
135.3 6,395 1.588 2.60
104.0 6,998 1.428 2.41
89.5 7,366 1.357 2.29
1 " 6 c . g . s . units)
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TABLE
Compound
fH2pipz32 [VBr6l
(diamagnetic correct ion—
[c(NH2 g 2 [vBrJ
(diamagnetic correction—  
CsVBr3
(diamagnetic correction—
Cs2 CvciJ
(diamagnetic correction—
2 0
X(°K) i°6Xa
ioi—i
295.5 2,348 4.258
265.5 2,593 3.855
229.5 2,979 3.355
197.4 3,248 3.077
166 .5 3,775 2.648
135.3 4,606 2.170
104.0 5,682 1.759
89.5 6,349 1.574
288xl0"6 c . g . s . units)
295.5 2,458 4.067
265.4 2,596 3.850
229.5 2,834 3.528
197.4 3,002 3.330
166.5 3,230 3.095
135.3 3,656 2. 735
104.0 4,111 2.432
89.5 4,319 2.315
2 1 0 xl0 “ 6 c .g .s . units)
295.5 1,670 5.988
265.5 1,731 5.776
229.5 1,770 5.647
197.4 1,857 5.384
166.5 1,947 5.135
135.3 2,087 4.790
104.0 2,242 4.459
89.5 2,328 4.295
168xl0"6 c.g.s . uni ts)
295.5 2 , 2 2 2 4.500
265.5 2,410 4.149
229.5 2,513 3.978
197.4 2,762 3.619
166.5 3,091 3.415
135.3 3,458 2.891
104.0 4,078 2.451
89.5 4,591 2.178
163xl0“6 c . g . s . units)
/*eff (B *M *)
2.35
2.34
2.33
2.26
2.24
2.23
2.17
2.13
2.41
2.34
2.28
2.17
2.07
1.98
1.84
1.75
1.98
1.91
1.80
1.71
1.61
1.53
1.36
1.29
2.29
2.26
2.14
2.08
2.02
1.93
1.84
1.81
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n-octylammonium tetrabromovanadates (II) have effective 
magnetic moments somewhat slightly below the spin-only 
value of 3.87B.M. at room temperature. All other 
tetrabromovanadates(II), including caesium tribromovanadate(II) 
and caesium tetrachlorovanadate(II), have effective magnetic 
moments considerably lower than the spin-onlyovalue
which decrease markedly with decrease in temperature. This 
is due to antiferromagnetic interactions within bromide- 
bridged structures. The large © values indicate greater 
metal-metal interactions in the complexes.
Reflectance Spectra
3
The quartet terms arising from the 3d configuration
4 4 . .P and F are split m  an octahedral field as shown m
Figure 42 . jn the hexahydrates of the transition metal 
ions for which the crystal structures are known, the 
central ion is surrounded by six water molecules at the 
corners of a regular octahedron in the hexahydrates, with 
the seventh molecule occupying a distant interstitial
site in heptahydrates. Such a field splits the ground
4 2+ 4 4  4
term F of V into three terms, A 0 , T 0 , and .’ 2 g ’ 2 g ’ lg
4
The higher P term is not split by the crystal field, but
4
follows the representation T ^ . Thus a field with cubic 
symmetry produces four energy levels from the spin-quartet 
terms, and three visible and near infra-red absorption 
bands are expected corresponding to the transitions
\g <Vl) 5 Xg^ Sg <F> M and Sg^ Sg (1V
137 139-143Several authors have shown ’ the electronic
spectrum of vanadium(II) hexahydrates to consist of two
symmetrical bands centred approximately at 12.0 and 17.5kK,
assigned to the transitions y^ and v>2 respectively, and
a broad shoulder at about 30kK assigned to v0. In the3
3 8spectra of d and d complexes the ligand field parameter
lODq is equal to the band energy of y^. In 0^ symmetry
as the value of lODq increases the effect of configuration
4 4interaction between the T^g(F) and T^g(P) states is to
144lower gradually the ratio ^ ^ l  "to When ligands
of different crystal field strength are co-ordinated to 
a metal they generate a lower symmetry field e.g. cause 
tetragonal distortion (0 ^— ^ 4h)* In ^escending in symmetry 
to D4h, the ground state remains an orbital singlet, but
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TABLE21
Reflectance Spectral Results
Compound
[NPhH3-]2 [VBrJ
[NEtH3 3 2 [vBrJ
[NMe2 H2] 2 [VBrJ
[S-C 8 Hi7N|] 2 [vBr4]
[H2pipz3 2 (VBrJ
[c(NH2 )3)2 [vBr4]
CsVBr,
C s ^ l J
b' v2^v1 Absorption maxima(cm
observed calculated
813 1.07 1.82 23 0 0 0 m sf
2 0 400 sh V 3 2 1 240
1 2 800 m V2 1 1 780
7 0 0 0 s , vb VI
660 0.87 1 . 6 6 23 900 m sf
19 800 s yo 19 540
12 300 V2 12 560
7 400 s,vb vi
753 0.99 1.76 23 400 s sf
2 0 2 0 0 w sh 2 0 960
1 2 700 w V3 1 1 920
9 600 m V2
7 2 0 0 m v i
680 0.90 1.65 23 0 0 0 w sh sf
2 0 400 sh V3 2 0 710
1 2 600 m 1 2 870
7 600 s , vb y 2.
753 0.99 1.75 23 600 vw sh sf
2 0 0 0 0 sh v3 2 0 665
12 300 m v9 1 1 630
7 0 0 0 m y^
646 0.85 1.61 26 600 sh sf
2 0 500 sh V 3 2 0 540
12 600 vw y 2 1 2 545
7 800 w
753 0.99 1.75 24 300 m sf
2 0 0 0 0 m y3 2 1 274
13 0 0 0 m v9 1 2 225
7 400 s
540 0.71 1.54 24 500 sh sf
2 0 0 0 0 S Vo 19 996
12 700 s y2 1 2 664
8 2 0 0 s yj
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all the excited states noted above will split into two 
levels, an orbital singlet plus an orbital doublet (Eg)
A2 g
j
T T
1 2 g lg T l g ( P )
|
1 J /  \ L
Big Bo +E Ao„+E„ 2 g g 2 g g A2 g(P )+V P >
Normally, splitting of the former T0 (F) term is greater
2-9
than that of the latter T^g(F) term, for which splittings 
can be poorly resolved since band widths are often 1.OkK 
or more. In high-spin chromium(II) complexes, of course, 
Jahn-Teller distortion can produce band broadening or 
splitting even with six equivalent ligands with equal donor 
strengths.
The diffuse reflectance spectra of the bromovanadates(II)
and caesium tetrachlorovanadate(II) are reproduced in
Figures 43-46 . The energies of the bands, their assignments
and electron repulsion parameters are listed in Table 21.
The Racah parameter B' was deduced from the relationship 
' 145
15B=v 2+^2”3v i (the diagonal sum rule) and then the positions
146of and were calculated from the secular determinant:
4 Tig(F)
4xlg(P)
4xig S g  (p )
6 Dq-E 4Dq
4Dq 15B' -E
=0
The B;values are comparable with the free ion values of 755cm  ^
except ethylammonium-, anilinium-, octylammonium-, and 
guanidinium tetrabromovanadates(II), the values of which 
are smaller which may be due to the increase of metal-ligand 
covalency. The calculated and experimental values of y^ and 
agree in all cases. The spectra suggest approximately
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octahedral symmetry presumably achieved via bridging
bromide, or chloride in case of Cs^jvci^], although the
bands in some spectra were weak and broad and it was
difficult to assign values to v_, v and v0.
1 £ 5
3 8 .For d or d complexes with 0^ symmetry, as lODq
increases, configuration interaction between the high spin
T^(P) and (F) excited states gradually lowers the
ratio J;2 //vi ^rom "t^ie theoretical value of 1.80 to ca. 1.5-1.7.
The values of -^n the bromovanadates(II) are in the
range of 1.54-1.82, typical of octahedral vanadium(II).
The reflectance spectra of all the compounds show
three spin allowed bands which are very
broad (half-widthtr2 000cm ^). The strong and broad bands
in the range of 7 000-7 800cm  ^ in the spectra of the
tetrabromovanadates(II) and caesium tribromovanadate(II)
and at 8 2 0 0 cm ^ in caesium tefrachlorovanadate (II) correspond
4to the transition to ^v^), medium bands in the range
12 300-12 800cm  ^ for the tetrabromovanadates(II), at
13 000cm \  for the caesium tribromovanadate(II) and
at 12 700cm**^ for caesium tetrachlorovanadate (II) correspond
4to the transition to T^F), and shoulders in the range
19 800-20 500cm  ^ in the tetrabromovanadates(II) and
and a _ 1
caesium tribromovanadate(II) strong band at 2 0 0 0 0 cm
4
in the caesium tetrachlorovanadate(II) to T(P) transition.
, lg
The band of the dimethylammonium tetrabromovanadate(II)
at
appears to be split into two components^ 600 and 7 200cm
. . 4  4
These may be assigned to the transitions B^ — } 1$2g and 
4 4B, —  ^E respectively. The molar conductance of a ig g
1 0 solution of the compounds (NMe2 H2 ] 2 frBr43 and 
[n-CgHi?NH^] ^  (vBr^] in ethanol at 25°C are listed in Table 23. 
The value for the former compound indicates partial
d i s s o c i a t i o n  o f - ' h r  o m  i  H o  -i n n c  - i n  c  1 n  +  -J ot->
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Far Infra-Red Spectra
Hardly any studies of the far infra-red spectra 
of vanadium(II) complex halides have been carried out
134because of preparative difficulties. Larkworthy et al.
investigated the far infra-red spectra of the double chlorides
AVCl3 (A=Me4 N,Rb), Cs2 VCl4 (H2 0)2and : NHVC13 (H2 0 )3 in the
range 600-200cm \  The anhydrous compounds had no
absorptions in the 400cm  ^ region; the only bands were
assigned to V-Cl stretching vibrations at 290 and 250cm"^
(Me4 NVCl3 ) and at 310 and 263cm ^(RbVCl3 ). Bands in the
region of 400cm  ^ in the i.r. spectra of aquo complexes of
bivalent transition metals have been assigned to M-0
stretching vibrations, so they similarly assigned the
absorptions in the same region for the aquo vanadium(II)
complexes. The compound Cs^VCl4 (H2 0 )2 had an additional
strong band at 260cm  ^with a weak shoulder at 285cm"\ and
NH4 VC13 ( H ^ ^  had an additional band at 265cm"\ with a
shoulder at 285cm \  these absorptions were assigned to
1-47v(V-Cl). Investigations were also carried out ' on 
compounds of the type V (/3-pic )4X2 . H20 (X=Br , I), V(/2-p ic)4cl2 ’ 
V(/?-pic)2Br2 , V(r-pic)4X2 (X=Cl,I) , V(r-pic )4Br2 . H20 and 
V(T-pic)2 Br2 in the range 400-50cm \  Preliminary 
investigations on V(Y-pic)4X2 showed what appeared to be 
intense halogen-sensitive absorptions at 310(d), 286 (Br) 
and 220cm "^(1), which were assigned to y (V-X). However, 
it was assumed that the y(V-N) and y(V-Br) vibrations 
overlapped at 286cm  ^because the only other prominent 
band in the spectrum of V(Y-pic)4 Br2 was at 232cm  ^which 
seemed too close in frequency to the band assigned to y(V-I). 
Further work has shown that although V (/3-pic )4Cl2 and
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V(^-pic)^Br2 have strong bands at 340 and 272cm 1 
respectively, V (/?-pic )^I2 . 3H20 absorbs strongly at 290,
236 and 214cm \  The preliminary assignments of V(V-X) 
therefore seem uncertain. From the similarities between 
nickel(II)- and vanadium(II) pyridine complexes, the strong 
absorptions in the range 250-310cm 1 were assumed to be due to 
v(V-N) vibrations.
148Issigoni et al. studied the far infra-red spectra of 
imidazole complexes of vanadium(II). They observed two well- 
resolved very strong absorptions in the spectrum of 
(v(iz an<^  2 0 2 cm 1 which they assigned to
vanadium-nitrogen asymmetric stretching and bending modes.
The assignments were in accordance with those for {Ni(NH2 
They assigned the strong bands at 312 and 311cm 1 in the 
spectra of [v(pz)4lci2 and [v(py)^l Cl^ respectively to
v<V-Cl) and at 292cm"1 to u (V-N) .
44O ’Donoghue has investigated the far infra-red spectra 
of vanadium(II) complexes with imidazole, pyrazole,
2 -methylimidazole and isoquinoline complexes in the range 
400-200cm 1 . He observed two absorptions in the spectra of 
(y(i.z.)^X2 (X=I,Cl,Br) near 200 and 315cm 1 which were 
assigned to cf(NVN) and V (VN) modes. Similarly, in the 
cases of JV(2miz)^Br 2 and [y (2miz )^ J 1^, the bands at 310 
and 312cm 1 were assigned to v (VN) and a broader shoulder 
at 310cm 1 in the spectrum of the {v(2mizJ^ClJto overlapping 
of v (V-N) and v(V-Cl). Compounds of the type ly(pz)J X2
(X=Cl,3r) had similar spectra. The complexes with 
isoquinoline showed weak-to-medium, anion independent bands 
near 220cm 1 ; from 250 to 350cm 1 only one strong band was 
observed for bromide, a multishouldered band at 303cm 1
for chloride, and for iodide two bands at 286 and 262cm-1, 
assigned to y(V-N). If halide was co-ordinated, then the 
v(V-X) absorptions should decrease in the order Cl > Br >1 
as in the corresponding nickel(II) complexes.
Far infra-red spectra of all compounds prepared in the 
present work were recorded on a Perkin Elmer 577 spectro­
photometer. The far infra-red bands are given in Table 22 
and Figures 47-50- The spectra in the region 4 000-600cm 1 
have not been reported because they show bands due to organic 
cations only. The strong bands observed in the region 
210-225cm 1 in the spectra of the tetrabromovanadates(II), 
and at 240cm 1 in CsVBr^ can be assigned to v(V-Br) 
stretching vibrations since these bands are somewhat lower than 
the range assigned to the chlorovanadates(II). Similarly the 
strong band at 255cm”1 in the Cs^fvCl^can be assigned to 
V(V-Cl). The stretching frequencies of the tetrabromovanadates(II 
are somewhat lower than those of the tetrabromochromates (II) 
which have these bands in the range of 230-260cm-1. This may 
be due to different metal halide bond lengths. It is likely 
that the V-Br bond lengths are equal while the tetrabromo­
chromates ( II ) have four short and two long Cr-Br bonds.
Sabatini and Sacconi studied the far infra-red spectra
of some tetrahalo-metal complexes. They assigned the strong
bands at 224cm 1 in lmt 4 J2 [NiBr4] to v(Ni-Br) stretching
vibration which is the same as that assigned by Clark and
Dunn. The nickel compounds are generally tetrahedral but
the vanadium(II) compounds are thought to be polymeric so
3 8direct comparison of d and d systems is not possible here.
Structures
The complexes probably have octahedral polymeric 
structures, containing sheets of bromide bridged square 
planar (jVBr^ ] 2 units in which the V-Br distances are 
equal, with amine cations lying between the sheets as 
shown in Figure ^ la. Comparisons of the powder photographs 
of ethylammonium tetrabromovanadate(II) and ethylammonium 
tetrabromochrornate(II) show that the two compounds are not 
isomorphous as might be expected because the tetrabromo- 
chromates(II) probably contain four short and two long 
Cr-Br bonds. Caesium tetrachlorovanadate(II) probably has 
a similar structure to the tetrabromovanadates(II). The 
structure of compound CsVBr0 consists of linear chains of 
regular VBr^ octahedra linked at their faces, as shown in 
Figure 51b.
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CHAPTER FIVE 
APPARATUS AND PREPARATIVE METHODS
Apparatus and Preparative Methods
Due to the high sensitivity of chromium(II) compounds
to oxygen all manipulations were carried out under nitrogen
7,42
or vacuum (Figure 52) using apparatus described previously.
’’White spot” nitrogen was passed through a column about
50cm in length and 5cm in diameter, containing slightly
crushed B.T.S. deoxygenation catalyst, type R3/11, supplied
by the B.A.S.F. Co. Ltd. The catalyst was essentially
finely divided copper oxide deposited on an inert carrier
and activated by various reagents. It was supplied in the
oxidized form. After crushing it was placed in the glass
tube and reduced by heating under hydrogen at 140-160°C.
The water formed was drained out of the column into a
container. The nitrogen was further dried by passage
through a column containing anhydrous magnesium perchlorate
and silica gel before entering the main apparatus at (C).
The apparatus was evacuated and flushed three times
with nitrogen before use, and was always left under
nitrogen or vacuum. Solid hydrated chromium(II) halides
were prepared as parent substances by dissolution of
spectroscopically pure chromium pellets (supplied by -■
Johnson Matthey & Co. Ltd.) in the appropriate AnalaR halogen
12
acid, as mentioned previously. The metal (99.9%) pure, 
supplied by B.D.H. Ltd. was also found to be satisfactory.
Ancillary apparatus was also modified to permit the 
use of grease dissolving solvents. The taps A and B of the 
filtration unit Figure 53 were replaced by a greaseless 
Quickfit P.T.F.E- ’Rotaflo’ tap, and all the taps of three 
tap flasks were replaced by greaseless Quickfit P.T.F.E 
’Rotaflo’ taps.
Manomet ei
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The compounds were generally prepared, filtered off, 
washed with solvents and dried under vacuum or continuous 
pumping for several hours. They were then ground gently 
and shaken into the glass tubes which were sealed off under 
vacuum or reduced pressure. Certain anhydrous double halides 
were prepared from the hydrated compounds by filtering them 
off in the apparatus shown in Figure.1 55 and the whole immersed 
in an oil bath and heated between 120 and 140°C for six hours, 
under continuous pumping. After this, the pig, previously 
filled with nitrogen, was quickly attached to the side arm 
of the apparatus against a rapid flow of nitrogen. The 
apparatus was quickly evacuated and refilled with nitrogen 
and the compound was then placed in the tubes which were 
sealed off under vacuum.
Vanadium(II) bromide hexahydrate was prepared by 
electrolytic reduction of vanadyl(IV) bromide solution 
under nitrogen in the apparatus illustrated in Figure 5 6 .
The apparatus consisted of a standard Quickfit vessel (FR 700F), 
having a five-inlet top (MAF^ 152) joined by means of a ground 
glass flange. The cathode consisted of a large pool of 
mercury (1.5kg.) to which external electrical connection was 
made via a dipping platinum electrode. Throughout the 
electrolysis, the mercury was mechanically stirred. Before 
use, a steady stream of nitrogen was passed into the cell 
at A and out to the atmosphere through the bubblers connected 
at C in order to expel the air inside the cell. Alternatively, 
the cell could be evacuated and filled with nitrogen three 
times as the stirrer (type ST1/05) was vacuum-tight. However, 
this was found to be unnecessary as traces of oxygen were
Cooling bati
Stirrer
Pt anode
Sinter 
Dipping electrode
Mercury cathode
Figure 56 
Electrolysis cell
removed during the electrolysis. The passage of nitrogen
was allowed to continue for 15 minutes or so, the stopper
(B) was removed, and vanadyl(IV) bromide solution was added
against a stream of nitrogen. The anode compartment, which 
2
housed a 1cm platinum electrode, was filled with concentrated 
hydrobromic acid. Similarly, it was inserted into position 
against a stream of nitrogen. The base of the anode chamber 
was fitted with a Grade 3 sinter, which separated the acid 
from the bulk of the vanadyl(IV) bromide solution, but 
permitted electrical contact. The electrodes were connected 
to a stabilised power supply providing a maximum current of 
5A and voltage 30V. The power supply was pre-set at 3A and 
30V. In a typical electrolysis, the current drawn initially 
by the solution would be approximately, say 0.8A but after an 
hour or so, when in the anode compartment had become saturated 
with bromine, the current would decrease to say, 0.2A, 
indicating that the acid required replenishing. The cell 
was immersed in a bowl cooled with running water.
VBr2 .6H2 0 .
Dry vanadium pentoxide (20g.) was dissolved in
3
concentrated A.R. hydrobromic acid (40cm.,sp.gr.1.49) and
the resulting brown solution was evaporated to dryness.
the blue mass of vanadyl (IV) bromide was dissolved in hot
3water, filtered, the filtrate made up to 500cm , and a small
3quantity of concentrated hydrobromic acid 5cm ) added.
3
A portion (300cm ) of this stock solution was placed in
3
the cell. The anode chamber was filled with 15 - 20cm of 
concentrated hydrobromic acid, and the current and voltage 
were pre-set (3A, 30V). Bromine liberated at the anode was
swept out by bubbling nitrogen through the acid. Under these
conditions, the time taken up to complete the electrolysis was of
the order of ten hours. Usually, colour changes from blue to
green to violet were observed but occasionally the green colour
was unaccountably not seen. Hydrolysis, indicated by the
appearance of a brown solution, was compensated for by the
3addition of concentrated hydrobromic acid (l-2 cm ).
The violet solution was then filtered and transferred to 
3a 750cm round-bottomed flask. After evaporation to dryness 
under vacuum at 45°C (higher temperature causes some 
decomposition) violet crystals formed in bulk. They were 
suspended in ice-cold ethyl acetate (warm ethyl acetate 
dissolves an appreciable amount of VBr^-^H^O) filtered off, 
washed with ethyl acetate and finally dried in vacuo for two 
hours. The pale green filtrate contained some vanadium(III) 
impurity which dissolved readily in ethyl acetate. It has 
been observed that (1) more concentrated vanadyl(IV) stock
3
solutions (3g. of vanadium(IV) per 50cm ) necessitates 
many hours (sometimes 25-30 hours) of electrolysis before the 
blue oxybromide is converted into the violet vanadium(II) 
bromide. (2) Passage of nitrogen into the anode chamber to 
remove bromine allows the electrolysis to progress smoothly.
This contrasts with the vanadyl(IV) chloride reduction where 
it is better to employ hydrogen to sweep out liberated chlorine.
2. Magnetic Measurements
The magnetic susceptibilities of all the compounds prepared 
in this work were measured on a Newport Instruments Ltd. Gouy 
balance, from room temperature to liquid nitrogen temperature 
300-90K). The samples were sealed under vacuum in flat-based 
Pyrex glass tubes of uniform cross section. Each glass tube was
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calibrated over the temperature range at several different 
field strengths, so that the diamagnetism of the glass could 
be allowed for when calculating the susceptibility of the 
sample. The sample was suspended in the cryostat, shown 
in Figure 57, which could be thermostated at the required 
temperature. The temperature was obtained from the e.m.f. of 
the thermocouple, which was positioned near to the centre of 
the tube, and which had been calibrated with copper sulphate 
pentahydrate. A precision ammeter was used so that by adjustment 
of a rheostat, the current and therefore the field could be 
accurately reproduced. All measurements were carried out under 
nitrogen which has negli ble susceptibility. The gram
susceptibility (^g) is given by the expression:
PC = 2glw
9 WH^
where g = the acceleration due to gravity,
1 = length of the sample,
w = the change in weight on application of the field 
(allowing for the diamagnetism of the glass tube) 
W = the weight of the sample 
H = the magnetic field experienced by the sample.
The field strengths, at different values of current in 
the electromagnet and for different lengths of sample, had been 
previously determined using solutions of nickel(II) chloride.
The gram susceptibility was multiplied by the molecular weight 
(M) to give the molar susceptibility (^) •
by correcting^ for the diamagnetism of the ligands and other 
ions present in the compound. The diamagnetic corrections were
The atomic susceptibility {XpJ of the metal was obtained
149either obtained from the Earnshaw or calculated according to
the method of Pascal. The effective magnetic moment
was calculated from the formula:
/“eff 2l828/XflT B‘M' 
where T = absolute temperature
B.M. = the Bohr magneton
Ferromagnetic compounds exhibit field-dependent 
susceptibilities below their Curie temperature. At a given 
temperature and for a given sample, g, 1, m and w are 
constant, so t h at^ is directly proportional to w/j^ 2 
and should not change with H if ferromagnetic impurities
are absent and the packing is satisfactory. Values of w/ 2
were determined at room temperature and at several field 
strengths for each compound. This procedure was also 
carried out at low temperatures with several of the ferro­
magnetic chromium(II) compounds, although no field dependence 
was found because the Curie points lie below the temperatures 
of liquid nitrogen, especially with the ferromagnetic compounds, 
the sample tube was fabricated from heavy-walled capillary 
tubing so that the change in weight in the field was reduced 
by the low sample weight and the diamagnetism of the glass. 
Normal diameter tubes stuck to the side of the cryostat at low 
temperatures and high field strengths.
3. Ultraviolet and Visible Spectra
Diffuse reflectance spectra were recorded over the 
range 35000-5000bcm  ^using a Unicam S.P. 700C spectrophotometer 
with a reflectance attachment. Lithium fluoride was used as 
the reference. The solid compounds were sealed under vacuum in 
a 2mm silica cell. For low temperature measurements, the 
sample and reference were cooled by leaving them in contact 
with the base of a copper container filled with liquid 
nitrogen for about 30 minutes. A constant stream of dried
c®
c ^
nitrogen was blown on to the light window from below to 
prevent any misting. In each case the cells were covered 
by a black box or cloth to prevent the entry of stray light. 
Solution spectra were recorded on a Beckman Acta MlV 
spectrophotometer with a transmittance attachment. The 
solutions were placed, under nitrogen, in a 1cm silica cell 
using the apparatus shown in Figure 58. Pure solvent was 
placed in the reference cell.
To measure the extinction coefficient of an air- 
sensitive compound the following procedure was carried out:
(I) A sealed tube, containing the compound, was notched 
and weighed accurately(a).
The apparatus shown in Figure 58 was weighed and re­
weighed when the appropriate amount of deoxygenated 
solvent had been placed in it. This gave the weight 
of the solvent. The volume was obtained by calculation 
using the density of the solvent.
The tube was broken in the ball joint after the whole 
apparatus had been evacuated and filled with nitrogen 
three times. The compound was then dissolved in the 
solvent.
The solution was tipped into the cell under vacuum 
and the apparatus was filled with nitrogen.
The taps were turned off. The cell was detached from 
the apparatus while it was closed with a tap and then 
the spectrum was recorded.
(VI) The broken pieces of the tube were carefully collected 
and weighed. This weight was subtracted from (a) to 
give the weight of the compound.
(VII) The molar extinction coefficient,e , was calculated from
(h i )
(IV)
(V)
the formula:
= A 
cl
where A = the absorbance
3 - i ;
c = the molar concentration in (dm mole )
1 = the path length in cm.
Solutions could be diluted by the addition of further 
solvent
4. Infra-red Spectra
The infra-red spectra were recorded, over the range 
4000-200cm on a Perkin Elmer 577. The compounds were 
prepared an nujol mulls between polythene, KBr or NaCl
plates. The mulls were prepared in a plastic bag with
gloves attached, flushed out with nitrogen. The mulling 
agent had previously been deoxygenated with nitrogen.
5. X-Ray Powder Photographs
The X-ray powder photographs were obtained using a 
Philips Debye-Scherrer camera having a diameter of 114.6mm 
and CuKoc radiation (X= 1.5418°A) with a Ni filter. All 
samples were sealed in air-free Lindemann capillary with a 
diameter of 0.5mm.
The capillary was joined to a polythene tube by glue.
This in turn was joined to a breaking apparatus. The apparatus, 
including the capillary, was evacuated and filled with nitrogen 
three times. The compound was then transferred to the capillary 
to a depth of 0.5-1.0cm. The capillary was then broken 
between finger-nails and sealed immediately with glue. Next, 
the capillary was mounted at the centre of the camera which 
was loaded with an X-ray film. The camera was placed in the
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diffractometer and an exposure of 2-3 hours was usually 
adequate to give a film with well-defined lines after 
developing.
To determine the interplanar spacings the distances 
between symmetrical pairs of arcs were measured using a 
special film-measuring device. Care was exercised to ensure 
that the long direction of the film was truly parallel to the 
scale of the measuring device, as shown in Figure 60.
The readings were made in succession on two corresponding 
arcs (left and right) by placing the cross hair at the centre 
of each arc and recording the value to 0.1mm. A table was 
constructed to facilitate the measurements (Figure 61). The 
large reading was placed under the column heading x^ and the 
smaller under x^. x^ + was calculated and was constant 
to + 0.1mm. This was carried out to ensure that the reading 
was correct. The radius of the camera had been chosen in such 
a way that the diffraction angle, 9, could be measured directly
fn millimetres. By knowing ©, the corresponding value of d
...... - - 150 . -
was determined from available charts. The d values could also
be calculated from Bragg’s equation, ^ = 2d sin 9. The
relative intensities of the arcs were determined visually.
Comparisons were made of the 9 and d values of Chromium(II)
compounds with those of the corresponding copper(II) compounds.
6 o Conductance Measurements
Molar conductivities were determined at 25°C in ethanol
and acetone using a Phillips PR 9500 conductance bridge with
— 3a dip type cell as shown in Figure 62 . Approximately 10 M 
solutions were used. The cell constant, b, was determined 
by measuring the resistance of a standard solution of
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Molar conductance values of bromochromates(II) and bromo- 
vanadates (II) in 10~^M ethanol solution at 25°.
Molar, conductance Compound (ohm_l c m 2 mole-i)
l.[„-C5H11NH3]2 [crBr4] 104
2 -[=-C 12H25NH3]2 [CrBr4] 95
3. [NMe2H2]2 [VBr4] 124
4.[!!-C8H17NH3]2 [vBr4] 81
Typical Molar conductance of electrolytes under the same
conditions
Electrolyte type Molar conductance (ohm“1 cm2 mole )
2uo
KCI(O.OIM), The specific conductance, K, of this
solution is known and is related to the cell constant by 
the expression
K = C (-0K KC1
where (conductance of KC1) = {■— —  ■— —  ) (2)
\RKC1 h 2o J
and q is the resistance of water 
A notched tube of air-sensitive compound was placed as
shown in Figure 62. The required volume of solvent was placed
in the conductance cell and the apparatus connected to the main 
apparatus at C. The solvent was deoxygenated by bubbling nitrog€ 
through for 30 minutes, the apparatus filled with nitrogen., and 
the resistance of the solvent found. A solution was made by 
breaking the notched tube containing the compound with ball 
joint and the compound was tipped into the solvent. When the 
compound had been dissolved completely the resistance of the 
solution was measured and the molar conductance of the compound 
was obtained using equation (3)
Km = (3)M Molarity v '
where K = C , xb complex
and Ccomplex = Rcomplex R£olvent (4)
The molar conductance values thus determined were compared 
with those similarly obtained for known electrolytes under 
the same conditions. The electrolyte type of each complex was 
in this way established.
7. Reagents and Solvents
AnalaR grade of solvents, such as 2,2-dimethoxypropane 
or ethanol, were used. Eacfi solvent was deoxygenated by 
bubbling nitrogen through it for thirty or forty minutes
immediately before use. Solids of AnalaR, or otherwise guaranteed 
quality, were used without purification. Some amines were 
converted to the ammonium chloride or bromide salts before 
reaction with the chromium(II) halides by treating with 
appropriate acid.
8. Analytical Methods
Chromium. The percentage of chromium was determined as
follows: a sealed tube containing the compound was notched
with a glass knife, weighed and then snapped. The compound
was emptied into a beaker and the glass, including any chips,
was reweighed. The weight of the compound was obtained by
difference. The compound was dissolved in water, oxidized with
3
lcm of concentrated nitric acid, and the mixture was boiled 
until a deep green solution was obtained. The chromium was 
precipitated as chromium(III) hydroxide by adding concentrated
ammonia until the solution was alkaline to methyl red, and then
determined as chromium(III) oxide by ignition. In some cases 
better results were obtained when the complex was ignited to 
chromic oxide by heating directly in a crucible with a few 
drops each of concentrated nitric acid and sulphuric acid.
Iron. The percentage of iron in all complexes were
3
determined as iron (III) 8-hydroxyquLndLinate (oxinate). 25cm 
of the iron(III) solution (containing about 0.03g. of iron) 
was treated with dilute ammonia solution until a faint 
precipitate persisted, and the precipitate was dissolved in 
the minimum volume of ca.M-hydrochloric acid. Then a
3
solution of 3g. of ammonium acetate in 125cm of water, 
followed by oxine solution (2 percent in M-acetic acid) 
was added from a burette with constant stirring until an
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excess was present. The dark precipitate was digested 
at 80-90° (water bath) for 30 minutes, filtered through 
a sintered glass crucible (porosity 3), washed successively 
with 1% acetic acid and water, and dried to constant 
weight at 130-140°C. The precipitate was weighed as 
Fe(C9H 9ON)3 .
Vanadium(II). Determination of vanadium as vanadium(II)
was carried out in a specially made flask under nitrogen as
shown in Figure 63. In the beginning the flask, containing
a weighed sample of the compound in a sealed tube in the
ball joint at the side, was flushed out several times with
3pure nitrogen. Then 25cm of distilled water were put in the 
flask and deoxygenated by bubbling nitrogen through for 30 
minutes, and 3-4 drops of 0.1% solution of neutral red indicator 
were added. After that the weighed notched tube containing 
the compound was broken with the ball joint and the compound 
was tipped into the water. When the compound had been 
dissolved completely with continuous shaking, the solution 
was titrated against a standard solution of AnalaR ferric 
alum. The colour changes from light orange to green at the 
end point. When the titration was complete, the solution 
was filtered, all the glass pieces were collected, washed, 
dried, and weighed and the weight of the compound was found, 
and the vanadium(II) content of the compound calculated.
Total Vanadium. For total vanadium a sample of 
compound of known weight (o.2-0.3g.) was digested for
3
several hours with concentrated sulphuric acid (1cm ) and
3
60% perchloric acid (30cm ). The solution, containing 
vanadium(V), was cooled, diluted with distilled water, and
3
treated with syrupy phosphoric acid (10cm ). Excess of 0.05M 
ferrous ammonium sulphate solution was added and back-
titrated with 0.05M potassium permanganate solution using
ferroin indicator. The colour changes from light blue
to light pink at the end point.
Hal ides . The chlorides, bromides and iodides were
determined gravimetrically as the silver chloride, bromide
and iodide, on the filtrate from the chromium determinations,
2
as described in Vogel. Fluoride was determined from the
filtrate obtained from the chromium determination was treated
3
with concentrated ammonia solution (7cm ) and 0.5M-calcium 
3chloride (20cm ) in the cold, slowly with stirring. The
solution was boiled for 1-2 minutes, and the precipitate
was allowed to settle, and the mother liquor was decanted
through a quantitative filter paper. The precipitate was
3treated with water (20cm ) and concentrated ammonia solution
3
(lcm ) and the mother liquor was decanted as before. Then the 
precipitate was transferred to the filter and washed sparingly 
with hot water. The filter paper and precipitate were 
transferred to the crucible, the filter paper was burnt, and 
ignited to 600°C to constant weight. The precipitate 
was weighed as CaF£.
Microanalyses. Carbon, hydrogen and nitrogen analyses 
were carried out by the University of Surrey Microanalytical 
Laboratory.
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3-Azoniapentane-l, 5-diammonium pentachlorochromate(II) is one of several 
halochromates(II) (Larkworthy and Yavari, 1976; 1977; 1978) which exhibit 
uncommon ferromagnetic behavior (de Jongh and Miedema, 1974). From 
its isomorphism (Larkworthy and Yavari, 1976) with the analogous copper-
(II) complex of known structure (Greenhough and Ladd, 1977; Ferguson and 
Zaslow, 1971), the chlorochromate is correctly formulated as [dien H 3] 
[CrCl4]Cl, (dien=diethylenetriamine=3-azapentane-l,5-diamine). The 
structure has been determined by single-crystal X-ray diffraction methods.
The complex was obtained from concentrated hydrochloric acid as 
extremely air-sensitive, almost colorless thin plates approximately 0.5 mm 
square. Single crystals were sealed into Lindemann glass capillaries with 
“Araldite.” The crystals are orthorhombic with a =  7.150, b =  24.055, and 
c — 7.344 A, Z =  4 and space group Pnma. Intensity data were collected on a 
Siemens four-circle diffractometer (AED) and reduced to |F| values by the 
usual methods. N o correction was made for absorption. The structure was 
solved by the heavy-atom method and refined by full-matrix least squares 
with anisotropic thermal parameters applied to the chromium and chlorine 
atoms and isotropic parameters otherwise.
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Like the copper(II) analogue the structure consists of planar networks 
of bridged [CrCl4] units at b =  0 and separated by diethylenetri- 
ammonium cations and chlorine ions both lying on crystallographic mirror 
planes. The square-planar [CrCl4] units occupy centrosymmetric sites, and 
a tetragonally elongated octahedron is completed around each chromium 
ion by chlorine atoms of adjacent CrCl4 units. The separation of the networks 
is 12.03 A in the b direction, and the contact distance between the cations is 
approximately 3.6 A. Important bond lengths and angles are indicated in 
Figure 1. The bridging chlorine atom does not lie equidistant between the 
chromium ions, and the bridging angle is 162.3°; thus the Cr—Cr separation 
is 5.18 A along the bridge and 5.13 A linearly.
Cl 3
N2107
1-51
C2 104
3-72
pci
1-45
CM
2-41
89-2 162-3Cr,
2-79
Cl 2
91-5':
2-39 Cr
Fig. 1
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Table 1. Final atomic coordinates and temperature factors (A2)0
X >• z U Vtl U12 2 U 22
Cr 0 0 C _ 0.016(4) 0.015(4) 0.019(5) 0.0003(3) —0.013(8) -0.004(4)
CK1) 0.020(2) 0.099(1) 0.050(2) -  ■ 0.017(6) 0.021(5) 0.019(6) 0.001(5) 0.010(9) —0.001(5)
CI(2) 0.255(1) -0.013(0) 0.207(1) - 0.017(4) 0.027(5) 0.018(5) 0.007(6) -0.008(5) 0.003(3)
0 (3 ) -0.054(2) 1/4 -0.030(3) - 0.012(7) 0.040(8) 0.011(12) 0 0.012(13) 0
cm 0.534(6) 0.151(2) -0.056(7) 0.031(9)
C<2) 0.443(6) 0.202(1) 0.038(6) 0.026(9)
N (l) 0.468(4) 0.098(2) 0.010(6) 0.005(10)
N(2) 0.516(6) 1/4 -0.068(9) 0.000(11)
“The tem perature factor was of the form
ex p [—2n2(h2a*2U lt  + ••• + 2 hka*b*Ui2 + '••)] — anisotropic, or 
ex p [—87r2A"2 sin2 d U ]  — isotropic.
Various parameters, such as metal-metal separation, d-electron con­
figuration, size and polarizability of bridging atom or group, the bridging 
angle, and planarity of the bridging system (Martin, 1968; Ginsberg, 1971) are 
important in determining whether antiferromagnetic or ferromagnetic 
interaction will be found in a polymeric transition-metal complex. The 
Cr—Cr separation is close to that in Cs2CrCl4(5.2 A) (Gregson et al., 1975) 
which is also ferromagnetic, so it may be that at a critical separation of the 
metal atoms ferromagnetic exchange pathways predominate over the 
favored (Ginsberg, 1971) antiferromagnetic pathways that are more depend­
ent on overlap. In general, it is considered (Martin, 1968; Ginsberg, 1971) 
that 90° bridges are necessary for ferromagnetic interaction to develop, but 
although not linear, the bridging angles in this complex are far from right 
angles.
Further work is in progress on this compound and on related Cr(II) 
complexes. The present fractional coordinates and temperature factors are 
listed in Table 1.
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